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PREFACE .

The Improved Passenger Equipment Evaluation Program (IPEEP) constitutes a
major research effort undertaken by the Federal Railroad Administration, Office
of Research and Development, Office of Freight and Passenger Systems, to evalu-
ate advanced passenger train technology throughout the world. The goal of this
program is to provide the technical data and detailed analysis needed for the
definition of an advanced passenger train system for future use on intercity -
passenger lines in the United States, especially in the heavily traveled North-
east Corridor (NEC) between Boston and Washington, D.C.

Between 1977 and 1980, an extensive techmnology evaluation effort was under-
taken by the IPEEP Train System Review Team, consisting of Battelle Columbus
Laboratories; Carnegie-Mellon University, Transportation Research Institute;
Louis T. Klauder and Associates; J. W. Marchetti, Inc.; and Unified Industries
Incorporated. The review team prepared a basic nine-volume set of IPEEP reports
covering baseline data (volume 1) and individual train reviews (volumes 2 through
9), plus an additional report on train performance.methodology. These documents
may be ordered from the National Technical Information Service.

During the same period, the members of the review team also prepared 24 work-
ing papers and criteria papers on various aspects of advanced passenger train
technology. These technical papers have been arranged in six volumes (of which
this is one) under the following titles:

Passenger Train Equipment Review Report: Volume 1. Advanced Propulsion
Systems and Propulsion System Requirements.

Passenger Train Equipment Review Report: Volume 2. Propulsion System
Components. and Future Train Energy Consumption. '

Passenger Train Equipment Review Report: Volume 3. Suspension and
Guidance Systems. '

Passenger Train Equipment Review Report: Volume 4. Braking Systems.

Passenger Train Equipment Review Report: Volume 5. Braking Systems
and Train Articulation. )

Passenger Train Equipment Review Report: Volume 6._ﬁCar Body Construc-
tion and Crashworthiness.

- These six volumes are being published to serve as a supplement to the basic
.IPEEP reports and to thereby provide the U.S. railroad community with additional
technical information on a wide variety of passenger train technology issues.

All the papers in these volumes, together with the names of the authors and
the original dates of completion, are given in the appendix included in each
volume. All six volumes are available from the National Technical Information
Service.
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1 - CONCLUSIONS

The lapse in interest in intercity passenger trains in
the U.S. during the 1950's and 1960's has restricted development
of rail passenger equipment to transit and commuter trains.
Multiple unit electric cars and diesel locomotive hauled trains
have been designed which operate satisfactorily at the moderate
speeds involved.

Because of the market for freight equipment, diesel and
electric locomotive development has been directed toward freight
designs with an emphasis placed on adhesion for maximum pulling
capacity but limited concern for riding and tracking gualities
commensurate with the moderate speed requirements. In the interest
of economy, electric locomotives have shared traction motors and
truck designs with diesel electric locomotives.

with the current resurgence of interest in high speed
passenger service in the NEC and other corridors; Amtrak has
acquired passenger locomotives with available freight locomotive
components such as three-axle trucks. Riding and tracking gquali-
ties of these locomotives at passenger train speeds have been -
unacceptable on existing track and speed restrictions have been
imposed.

There is a need to evaluate both vehicles and track to
arrive at a compatible design, giving consideration to the forces
produced by vehicle suspensions at the wheel/rail interface and
the role played by traction motor drives in reducing the unsprung
mass of powered axles.

It has been easy to regard the conventional axle hung
traction motor as simple in desigh and easily maintained, without
regard for its detrimental effect on track, and consequential
requirement for increased maintenance to the track. With mixed
traffic of passenger and freight at a variety of speeds, it is
almost impossible to identify the specifics of vehicle design
. features that affect the track. Thus it is difficult to present
an economic argument for more complex traction motor drives.
Freight cars of 100 ton capacity with conventional "three-piece"
trucks have been shown to degrade the "Fast" test track at Pueblo,
however, no correspondlng data is available on high speed passenger
equipment.

Several other countries, notably Japan, France, and
Italy have undertaken the construction of exclusive high speed
passenger rights-of-way and the Japanese have had considerable
service experience. The French have run an extensive develop-
mental program and are presently constructing a new high speed
TGV network for 160 mi/h operation. Extensive prototype testing
in France has reinforced theory dictating a reduction in unsprung
mass as a key requirement in the design of traction motor drives.



The degree of sophistication and complexity of drive
required are heavily influenced by the intended speed of service.
At high speeds the stresses produced by inertia forces and the
effect of these forces on the tracking characteristics of the
vehicle require that complex drives be employed. There are four
basic criteria which must be considered in the design of a trac- -
tion motor drive for high speed service:

e Isolation of the traction motor from the shocks to
which the wheel-axle assembly is subjected.

e Reduction in unsprung mass of the wheel-axle assembly
- and the damaging effects on both wheel and rail caused
by inertia forces.

® Reduction of forces applied to the primary suspension
by axle driving torque.

e Prevention or minimization of axle steering due to
inertia forces resulting from any offset in the mass of
attached motor and drive components from a vertical
plane through the axle.

Passenger locomotives with reasonably high speed capa-
bility are not new in the U.S. but the lessons of history.in the
development of locomotives in the U.S. at times seem to have been
forgotten. The GG-1 locomotive of the former Pennsylvania Rail-
_road was the product of a competitive development project between
two major electrical equipment suppliers supervised by the rail-
road's engineering department. The GG-1 proved to have superior
tracking performance as measured by impact recording instrumented
ties (a crude but effective early substitute for instrumented
wheels). :

Early difficulties with riding and tracking gqualities
of locomotives experienced by the former New York Central and
Pennsylvania railroads in their development of electric locomotives,
and the more recent problems experienced by Amtrak with six-axle
diesel and electric locomotives indicate that there has been no
change in the problem over the years. The patterns of passenger
equipment development in Europe and Japan, wheh contrasted with
most U.S. practice, confirm this point. The two most important
objectives in high speed passenger equipment design are the
reduction in unsprung mass and proper guidance of axles; both of
which are strongly influenced by the design of traction motor
drive.



2 - INTRODUCTION

The designs used for coupling electric traction motors
to driving wheels encompass a great variety of mechanical arrange-
ments and gearing. In reviewing the hlstory of electric traction,
the drives employed have changed greatly in detail as materials
have improved while the basic mechanical principles remain unchanged.

The mechanical arrangements of motors and drive couplings
may be loosely grouped according to the degree to which motor and
transmission gear masses are isolated from the axle to reduce
unsprung weight.

® Motor and gears directly connected to axle.
e Motor and gears shock mounted to axle.

e Motor on truck frame (primary suspension), gear unit on
axle. - ,

e Motor and gears on truck frame (primary suspension),
coupling to axle.

® Motor on body (secondary suspen51on) w1th gearing and
shafts to axle.

wWithin the variety of gear arrangements and couplings
which have been used to achieve the various degrees of isolation,
there is a general distinction between right angle drives and

~ parallel drives. Another distinction is made between coupled

axles and separately driven axles. With truck mounted traction
motors the parallel drive configuration permits a very compact
arrangement within a truck for fairly large traction motors
mounted in a low position under the vehicle floor. It permits
the motor to be placed between the axle and the truck's center
transom, but does not interfere with the center pivot. This
permits the center pivot and carbody reaction point of the truck
to be placed as low as possible, thus minimizing weight transfer
between axles. Mounting the motor as low as possible in the
truck also serves to keep the center of gravi;y low.

Right angle drives are more common when two -or more
axles are to be coupled together with a single motor, as with the
single motor drives of light transit vehicles. There are also
examples of coupled axles using a parallel drive arrangement and
(from a historical standpoint) axles coupled with side rods as
with steam locomotives. \

Both geared and gearless drives have been used. The
gearless drive, in which the traction motor rotates at axle
speed, can generally be dismissed from present consideration
because of the low power output developed for a given mass of
motor. Specific power output of an electric motor generally is



proportional to motor speed. At the other extreme, a very high
speed motor would require an extemely high gear ratio which would

require a gear unit so large as to negate the effect of reduced
motor size.
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3 - EARLY DRIVES

wWith the need for electric locomotives capable of
hauling trains of the size handled by steam locomotives, came the
need for traction motors and drives of considerably greater
proportions than those applied to street cars and interurban
cars. Street cars in the early 1900's had modest power require-
ments of approximately 25 horsepower per axle while the larger,
faster interurban cars had as much as 60 horsepower per axle.
Steam locomotives by contrast developed over 500 horsepower per
axle and were rapidly approaching the 1000 horsepower level.- A
steam passenger locomotive typically would develop about 2500
horsepower, usually on 3 axles.

Weight and bulk of traction motors were key issues.
Traction motors in the early 1900's weighed approximately 18 lbs.
per horsepower for direct current motors while commutating alter-
nating current motors weighed 22 1/2 lbs. per horsepower. This
contrasts with 9 1/2 lbs. per horsepower for common direct current
traction motors today. Thermal limitations in early insulation
materials severely limited continuous power output. For these
reasons, locomotive sized traction motors had to be very large
thus different designs of traction motor drives had to be developed
to overcome the space and weight shortcomings of the basic axle
hung, geared drive of the trolley car. Several unusual alterna-
tive configurations resulted.

Bipolars

The first group of "main line" electric locomotives
designed to handle steam locomotive sized trains was built in
1906 for the New York Central as part of the electrification for
Grand Central Station. Direct current electrification was selected
using an underrunning third rail distribution system at 600 V.
The locomotives have four driving axles in a rigid frame with a
guiding truck at each end. (Originally single-axle gquiding trucks
were used (l-D-1) but this was later changed to a two-axle arrange-
ment (2-D-2) because of tracking instability.)

The prototype locomotive, built in 1904, was followed
by two classes of production locomotives. Several class S2
locomotives are still in service as switchers in Grand Central
Station after more than 73 years of service.

The most interesting feature of these locomotives is
the traction motor drive in which the four motor armatures are
mounted directly on the axles while the field poles and brushes
are carried on the frame of the locomotive. This introduces a
large amplitude vertical movement between the rotor and the
stator because of the locomotive's suspension. As a result only
one set of field poles (located fore and aft of the axle) can be
provided for each motor. This is the basis for referring to
locomotives of this type as '"bipolars."
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The unsprung mass of each axle including suspension
components is approximately 11,000 lbs. While significantly .
greater than the effective unsprung mass (approximately 8,200.
lbs. per axle) of recent diesel-electric lccomotives, it is
lighter than the unsprung mass of steam locomotives of the early
1900's. Considering the lower service speed of 60 mi/h for the
electric vs. 80 mi/h for steam, the inertia forces at the rail
were still less severe. :

One of the unique features of the "S motors" is that
the path of magnetic flux .of the four traction motors is in
series. The return path of flux between the two end motors is
carried in a frame member across the top of the four motors.

This provides inherent protection against motor overspeed in the
event of wheelslip in that the slipping motor is prevented from
overspeeding by the high field strength of the other three motors.

Other designs of bipolar locomotives were built with
the same basic axle mounted motor drive but widely differing
wheel arrangements. The later class T locomotives of the New
York Central had 8 motors in four trucks while the Milwaukee Road
bipolars had 12 motors in a four-part articulated frame with a
unique three-part carbody. All of the bipolars provided success~
ful performance for their time. :

In an overview of bipolars, the unsprung mass of the
axle mounted armature would appear to be quite high by current
standards, however it was no greater than that of contemporary
steam locomotives. The magnetic flux density was necessarily low
because only one pair of field poles could be used, (located
ahead of and behind each axle) and the field pole faces were flat

*COURTESY OF SIMMONS—BOARDMAN_, "RAILROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE", 1923,
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to accommodate relative movement of the armature. This limited
the power of the motor, but the sheer mass of the motor components
provided a heat sink which afforded high short time overload
capacity when starting, in spite of the thermal limits imposed by
the primitive insulation materials of the day.

Rod Drives

Some early electric locomotives employed drives such as
side rods (as on a steam locomotive) which may appear bizzare
today. Such arrangements were gquite logical when considering the
large size of motors required to develop the desired power and
the economy of using as few motors as possible to achieve this
end. There is also an obvious advantage to isolating the motors
from mechanical shocks to which axle mounted components are
subjected. With rod connected drives, the locobmotive frame
construction and side rods were conventional to steam locomotive
practice and therefore presented no unusual or special maintenance
requirements at the time. Electrical components such as motors
and switch groups were often of modular constructlon to facilitate
building and heavy maintenance.

_ In the rod driven locomotive, steam locomotive type
(cranked) driving wheels were connected by side rods to a frame
mounted crank shaft called a jack shaft. The jack shaft in turn
was driven by either geared or direct drive motors. The cranks
on opposite sides of the locomotive were 90° apart, as on a steam
locomotive, to permit continuous torgque transmission without a
"dead" center position. The rod drive permitted the motors to be
carried on the frame of the locomotive and isolated from axle
accelerations by the suspension of the locomotive, while driving
forces were transmitted longitudinally by the crank and rod
linkage. ,

Numerous rod drive arrangements were used in the United
States by the Pennsylvania, the Virginian, and the Norfolk and
Western railroads as well as one New Haven experimental unit. In
Europe, the German and Swiss railroads made extensive use of rod
drives.

NeW efectre

Combmed Gear and Side Rod Dnve

. COURTESY OF SIMMONS- BOARDMAN "RAILROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE", 1923.
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An interesting example of a rod locomotive is the DD1
class developed by the Pennsylvania Railroad. Shortly after the
New York Central began its program for electrification of Grand
Central Station, the Pennsylvania Railroad began the Penn Station
project in New York. Direct current electrification.at 600 volts
was also selected, but an overrunning third rail was used.

Because of the need to operate heavy trains at speeds up to 50
mi/h on the grades in the tunnels under the rivers, a locomotive
of 4000 horsepower was envisioned.

The DD1 consisted of two locomotive sections of an
asymmetrical wheel arrangement coupled back to back by'a fixed
drawbar. Each section had a single large motor (weighing 42,000
lbs.) which operated at driving axle speed and had a short time
rating of 2000 horsepower. A total of 4000 horsepower per loco-
motive distributed over only four driving axles made the DDl the
equivalent of a steam locomotive. Each motor was mounted on the

rame above the drivers and was coupled to a jack shaft by an
additional pair.of side rods. Two driving axles with 72 inch
diameter wheels were located in the frame toward the non-cab end
of each section of the locomotive and a two-axle guldlng truck
was provided under the cab end (2-BxB-2).

: The maximum tractive effort transmitted by each drive
was 25,000 1lbs. producing 12,500 lbs. tractive effort per axle.
This can be compared with the starting tractive effort of the
Virginian class EL-3A freight locomotives which had geared traction
motors and transmitted 39,390 lbs. tractive effort to two-axles

in each of six drives for 19,695 lbs. tractive effort per axle.

One of the potential advantages of rod connected drives
(which holds true for all coupled axle drives) is attenuation of
wheel slip at high levels of tractive effort. The distribution
of motor torque between two or more axles also overcomes the
effect of weight transfer between the axles and reduces the
effect of rail contamination on adhesion of the lead driving
axle.

A decided disadvantage was the need for weights on the
wheels to counterbalance the mass of the side rods. This balance
weight was purely unsprung mass. Because the side rods and wheel
counterbalance weights do not rotate in the same vertical plane,

*COURTESY OF SIMMONS-BOARDMAN, "RAILROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE", 1923.
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some degree of cross counter balancing was also necessary, further
increasing the unsprung mass.

Gearless Quill

Another early drive arrangement used on the first
electric locomotives built for the New York, New Haven, and
Hartford Railroad was the gearless quill drive. In this arrange-
ment the motor shaft is a hollow tube or "quill" which surrounds
the driven axle. A "spider" (flange) with fingers which project
between the spokes of the driving wheels is mounted on each end
of the quill. The spider is coupled to the spokes with springs
which accommodate relative movement. The motor is carried on the
locomotive frame with spring mounts which further isolate the .
drive components.

—) . thﬁi v "WHW

s

| gC‘/ea:ance _

: [ AU S—— j I, - ]
_.._L_. B s —
N T

Axle «\\ = {3
1 [_F\\ . .
' = 7 Armature Bearing
z:"'_/:i ~ .gfwfe,- .
\ |
b N
Gearless Drive—Armature on 2 Quill. *

while reducing the unsprung mass, this arrangement had
the disadvantage of low motor speed and quickly gave way to
geared quill drives in the interest of more power for a given
motor mass. )
*COURTESY OF SIMMONS-BOARDMAN, "RAILROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE'", 1923.
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4 - AXLE HUNG PARALLEL DRIVES

The ccnventional axle hung gear drive employed on all
U.S. built diesel-electric locomotives and many of the more
recent electric locomotives is little changed from the mechanical
principle employved by Sprague in electrifying horse drawn street
cars in 1885. The motor is oriented with its shaft parallel with
the axle and has two bearing on the side of the motor frame which
rest on axle journals between the wheels. In this manner the
motor is hung from the axle so that its shaft and axle are held
in parallel alignment and a simple pinion and gear arrangement
can be used. The opposite side of the motor frame (nose) is
supported by a spring or shock mount from a cross member of the
truck frame. This arrangement has been referred to as a "wheel
barrow" or "nose" suspension.

- _p~Tov of Rail

- Arrangemcnt of  Parts for Direct- Geared Drive.
COURTESY OF SIMMONS BOARDMAN, "RAILROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE" 1923.

ES Variations in gearing are p0551ble using either si ingle
or double reduction stages or a single reduction stage with an
idler gear to increase the distance between the traction motor
and the axle. Locomotive and early street car drives have spur-
gearing while more recent multiple unit car drives employ helical
gearing for noise reduction. The disadvantage of helical gearing
is the development of lateral force which requires the use of
thrust bearings and a substantial gear box. In contrast, spur
gears need only a light weight cover to keep dirt out of the
gears.

Axle hung motor arrangements have three fundamental
drawbacks, the most notable of which is the high unsprung mass.
The effective unsprung mass of the ‘axle hung traction motor can
be taken as the mass of the wheels, axle, gear, and bearing
assemblies plus one half of the mass of the motor and pinion, and
one half of the mass of the primary springs. For the GE type
780 Bl traction motors applied to the Amtrak E-60CP locomotive
and rated at 1000 horsepower, the approximate unsprung mass per
axle is 8,325 1lbs. The EMD type D77 traction motors applied to
the Amtrak F40PH locomotive and rated at 750 horsepower are
significantly lighter, with an approx1mate unsprung mass of 7,475
lbs. per axle.
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Because of the impact forces to which axle hung motors
are subjected, components such as shafts and bearings must be of
ample proportions and capacity to provide adequate service life.
This reinforcement of components increases weight which tends to
be self defeating as the increase in inertia, in turn, increases
the forces elsewhere.

An example of the problems with 1mpact forces and
armature shaft deflection occurred in recent years on some loco-
motives having high axle loads. The motor armature shafts de=-
flected in. service causing misalignment of the straight roller
bearings. This overloaded the ends of the rollers, leading to
_ premature bearing failure. The problem was overcome by changing
to a self aligning bearing to accommodate a limited degree of
misalignment.

The second drawback is that the driving torgue must be
reacted by vertical forces on the motor suspension mounts and the
primary suspension. This is not a serious problem with two-axle
trucks because the change in primary spring deflection does not
change the weight distribution between the two axles. However,
in the case of three axle trucks with both end motors inboard of
their respective axles, the forces on the primary suspension will
be in one direction on the two axles with the same motors orien-
tation while the forces will be in the opposite direction on the
third axle with its motor oriented on the opposite side of the
axle. This action produces a weight bias between the three
axles, which will adversely effect the tractive effort of the
locomotive by reducing the available adhesion on some axles.

To overcome this weight transfer situation, three and
four axle trucks have been offered with all motors oriented on
the same side of their respective axles. This produces a uniform
bias on the primary suspension. and precludes weight transfer due
to motor torque alone. Figure 4-1 contrasts these arrangements.
The problem with this configuration is that it may lead to unde=-
sirable truck steering cause- by lateral inertia forces, which is
the third drawback to be discussed here.

The third drawback of the axle hung motor is that the
location of the motor ahead of or behind the axle longitudinally
offsets the center of mass of the motor and axle assembly. Any
lateral accelerating force at the wheel/rail-interface therefore
results in a moment about a vertical axis through the center of
mass which produces a steering effect. Lateral movement in the
motor suspension bearings on the axle will attenuate this effect
to some degree. Stiffness in the lateral restraint of the axle
journal bearings will limit the yawing or steering movement of
the axle with respect to the truck frame. Closing of either of
these lateral tolerances will limit axle movement which can occur
before the mass of the motor and truck frame both become a part
of the lateral unsprung mass of the wheel axle assembly. This
combination in turn will increase the lateral forces between
wheel and rail.
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: FIGURE 4 -1
ORIENTATION OF NOSE SUSPENDED MOTORS IN TRUCKS

ARROWS SHOW FORCES EXERTED ON RAILS AND ON TRUCK
THROUGH AXLE BEARINGS AND MOTOR SUPPORTS
BY MOTOR/WHEEL/AXLE ASSEMBLIES

CONVENTIONAL 3-AXLE TRUCK
»>-—— MOTION ——>

“HIGH ADHESION “3 -AXLE TRUCK
2> MOTION —————>

'2-AXLE TRUCK
»>——— MOTION —>

COURTESY OF LTKGA

1-13



Several modifications to the axle hung motor have been
used to provide vibration isolation for the motor. One of the
earliest configurations was the introduction of a torsionally
flexible gear on the axle to attenuate the torsional shocks and
attendant forces between gear teeth. The toothed ring of the
axle gear was mounted in a supporting flange plate on the axle
and leaf or coil springs were employed to couple the two parts.
The inherent damping of leaf spring stacks offered an advantage
to their use.

The second basic change was the introduction of shock
- mounts and resilient couplings which are discussed in succeeding
sections. All of the multiple unit commuter cars presently
operating in the NEC have some variation of shock mounted motors
rather than direct nose suspended motors.

Table 4-1 compares current U.S. made locomotives with
axle hung motors. The list includes both diesel electric and
straight electric locomotives and gives the starting tractive
effort and horsepower for each. In the case of electric locomo=-
tives, the continuous tractive effort is also given. These data
are also expressed in a per-axle basis for comparison with other
forms of traction motor drives.

The tractive effort characteristics of diesel locomo-.
tives as a function of speed generally follow a constant horse-
power curve because of the limited output of the diesel engine.
Their starting tractive effort is generally limited by adhesion
although locomotives geared for higher speeds (such as the Amtrak
F40PH) have a motor current limit at low speeds.

Straight electric locomotives of the types listed have
the same basic design of d.c. traction motors as the diesel
locomotive and are limited in power output by motor (and trans-~
former) voltage and current characteristics. The expected duty
cycle and continuous thermal capability may result in widely
differing tractive effort curves. Passenger locomotives such as
the E60CP have tractive effort curves which are constant up to
nearly half of the maximum rated speed, and then decline on a
constant voltage curve. The short time accelerating power level
may be 190% of the continuous power capability” of the locomotive
at any given speed. Freight locomotives are often restricted to
relatively low short time overloads to prevent thermal overloading.
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COMPARISON OF U.S. LOCOMOTIVES W

TYPE TRACTIVE EFFORT HORSEPOWER
STARTING CONTINUOUS AT SPEED NOMINAL

Diesel

U23B - 78,000 1bs. 2,250 hp
v23c 117,000 1bs. 2,250 hp
U36B 84,000 1bs. : " 3,600 hp
U36C 120,000 1bs. . 3,600 hp
LRC 29,200 1bs. ' 3,100 hp
'GP38-2 79,000 1lbs. 2,000 hp
SD38-3 100,000 1lbs. ' - 2,000 hp
DD40A 172,000 1lbs. 6,000 hp
GP40-2 86,500 1bs. 3,000 hp
F40PH 60,000 lbs. 3,000 hp
Electric ,

E25B 78,000 lbs. 55,000 lbs. at 15 mi/h 2,500 hp
E50C 117,000 1bs. 73,000'1bs. : 5,000 hp
E60C 120,000 1bs. 78,000 lbs. at 25 mi/h 6,000 hp
E60CP 75,000 lbs. 34,000 1lbs. at 58 mi/h *6,000 hp

* Maximum short time horsepower of 9,800 'hp at 52 mi/h

TABLE 4-1



ITH AXLE HUNG MOTORS

PER AXLE RATINGS

NO. AXLES STARTING T.E. NOMINAL H.P.

4 19,500 lbs.. -~ 563 hp
6 19,500 lbs. - 375 hp
4 21,000 1bs. 900 hp
6 20,000 1bs. | 600 hp
4 7,300 1bs. 775 hp
‘4 19,750 1bs. 500 hp
6 16,667 1bs. . 333 hp
8 21,500 1lbs. 750 hp
4 21,525 1bs. 750 hp
4 15,000 1bé.. 750 hp
4 19,500 1bs. 625 hp
6 19,500 1bs. 833 hp
6 20,000 1bs. 1,000 hp
6 12,500 lbs. 1,000 hp



5 - SHOCK MOUNTED DERIVATIONS OF AXLE HUNG PARALLEL DRIVES -

The next step in reducing the unsprung mass of axle
hung parallel drives is the isolation of the motor mass from the
gear box or the entire motor and gear unit from the axle by some
arrangement of shock mounts. These mounts are usually rubber
composites using deflection of the rubber in shear and compres-
sion to provide spring action and take advantage of the inherent
damping characteristics of the rubber. The absence of wear
surfaces is also advantageous in the dust filled environment
under a train. A number of variations in this approach have been
taken and are illustrated by the various multiple unit car pro-
pulsion systems, on the Westinghouse equipped Metroliners, and on
the various commuter car types operating in the NEC. The two
General Electric equipped Metroliners upgraded by a research and
development project for the FRA also had an arrangement of this

type.
Shock Mounted Motors

One of the simplest shock mount arrangements for the
traction motors is used on the Septa Silverliner II and Silverliner
III car and on the MTA's M1 and M1A cars on the Long Island Rail
Road and Hudson and Harlem division. This arrangement has an
axle mounted gear unit with a torque reacting support to the
truck frame. The motor is in turn supported by the gear unit
with shock mounts at the driven end (which also serve to react
motor torque), and a separate set of rubber bushed suspension
links at the other end. A flexible coupling connects the motor
and input shafts to accommodate the relatively small displacement
of the shock mounts. This arrangement results in a minimum of
supporting members on the gear unit and is particularly well
suited to the Budd "P III" type articulated truck frame, which
has no conventional center transom to which motor and gear units
could be attached. Figure 5-1 is an illustration of this type of
motor and gear unit. '

Another design of shock mounted traction motor has been
applied to the two Research and Development upgraded General
Electric equipped Metroliners, the MTA's New Haven division M2
cars, Septa's Silverliner IV, and NJDOT's Jersey Arrow II and III
multiple unit cars. This design is referred to as a "trunion
mount” and is illustrated in Figure 5-2. The gear unit is mounted
solidly to the axle and has a single mounting and torque reaction
point to the truck frame located along the centerline of the
truck. The motor is, in turn, shock mounted to the gear unit at
two major support points or trunions on the sides of the motor
frame and coupled to the gear unit input shaft with a flexible
coupling.

Smaller shock mounts between the motor and gear unit at

the shaft coupling end serve to keep the shafts in approximate
alignment and minimize coupling distortion. The trunion supports
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OUTBOARD SIDE - FIGUREB —2

GE TRUNION MOUNTED MOTOR
Motor Shock Mounted to Axle Hung Gear Unit

QUTBOARD MOTOR-BUSHING

81-1

As Used On:
INBOARD MOTOR-
New Haven M—2 N e B{USHING
Silverliner IV -
Jersey Arrow Il & 11}

MOTOR LIFTING
LUGS

LATERAL TRUNNION

HORIZONTAL SUSPENSION
SUPPORT

COURTESY OF GE MAINTENANCE MANUAL ON M2
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are located in a line through the center of mass of the motor.
The corresponding gear unit supports are located on a gear box
extension surrounding the axle and on the torqgue reaction arm of
the gear box. Additional shock mounted stabilizing rods are used
to help maintain alignment between the motor and gear box.
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Shock Mounted Motors and Gear Units

The Westinghouse equipped Metroliners and the Jersey
Arrow I commuter cars have a shock mounted motor and gear arrange-~
ment with the trade name "Tracpak" which provides isolation from
the axle with a single large rubber shaft coupling. The gear
unit has a hollow output shaft or quill which surrounds the axle
and is both supported from and coupled to the axle by the rubber
coupling. Within the coupling, donut shaped rubber pads which
surround the axle are bonded to annular flanges on the axle drive
hub and to a two part external driving housing. The rubber is
held in compression within the two housing halves which are
secured together with bolts to prevent stress reversals which
would adversely affect the life of the rubber. Figure 5-3 is a
drawing of a Tracpak drive. '

On the original Metroliner design and on the Jersey
Arrow 1 cars a vertical rubber bushed link carries the gear unit
on the truck frame and reacts the drive torque. The motor in
turn is shock mounted to the gear unit at the driving end and is
supported at the other end by a second rubber bushed link. A
flexible motor shaft coupling accommodates small misalignments.
On the upgraded Research and Development Metroliner the motor
support was changed and the motor was rigidly attached to the
gear unit with a single rubber sandwich pad provided for support -
and to react drive torque. This arrangement was not satisfactory
and was not adopted in the Amtrak enhancement program.
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6 - TRUCK FRAME MOUNTED MOTORS

In a continuing effort to reduce unsprung mass, the
next logical step is to mount the traction motor on the truck
frame and provide a flexible coupling to the axle hung gear unit.
The problems encountered with this type of arrangement are gener-
ally associated with the angular deflection of the coupling and
the space available within the truck frame. This is particularly
acute with parallel drives where a "cardan" shaft or other special
coupling is required to accommodate both angular misalignment and
translational movement between tHe motor and gear unit input
shafts. The term "“cardan" shaft refers to a shaft with flexible
couplings at each end which offer a constant velocity transmission
at the output end coupling throughout the operating range of
misalignment between the input and output shafts. Provision is
also made for some longitudinal movement between the input and
output shafts by means of splined connections or other devices.

An alternate approach to parallel drives is the use of
right angle gear units with the motors extending under the center
transom of the truck. 1In some cases the gear units are offset to
opposite sides of the truck to permit locating each motor at the
opposite end of the truck from the axle which it powers. A long
cardan shaft which passes alongside the other motor is used which
minimizes the angular displacement at the couplings. Figure 6-=1
is a sketch of a tramnsit car truck showing this arrangement.

The location of motors and routing of drive shafts for
truck mounted right angle drives presents a serious conflict with
the design of certain trucks because it requires a high placement
of the center pivot through which traction forces must be trans-
mitted between truck and carbody . Placing this thrust point
above the center cf mass of the truck has resulted in a tendency.
to develop a longitudinal oscillation between the truck and the
carbody. It should be noted that the longitudinal oscillation
problem is not confined to right angle drives but has also occurred
on parallel drive trucks with the bolster radius rods located too
high. ’
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Westinghouse WN Drive and GE Metrolinef

The Westinghouse "WN" drive which has been applied in
guantity (over 5,000 cars) to New York City transit cars, has
the traction motor mounted solidly to the center transom of the
truck frame and an axle mounted double reduction gear. The gear
box is attached to the center transom next to the motor with a
rubber bushed link to provide support and react the drive torque.
The motor and gear unit input shafts are held in approximate
alignment in this way and connected with a special coupling
having crown gears on both shafts which engaged an intermally
splined collar. This provides a coupling capable of accommodating
a certain amount of vertical and angular misalignment. Figure
6-2 illustrates this coupling.

The drive artangement for the GE equipped Metroliners

is similar to the WN drive except that space limitations imposed
by the larger traction motors necessitated a shorter coupling.
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British HST

The Brtish HST is a combination of fairly conventional
coaches with a special lightweight diesel-electric locomotive at
each end of the train and multiple unit controls. The HST employs
truck frame mounted motors coupled to axle mounted gear units
with a unique arrangement to accommodate relative movement.
Because of the space limitations within the truck imposed by
wheel plate mounted disc brakes, there is insufficient space for
a cardan shaft between the motor and gear unit. The pinion shaft
of the gear unit has therefore been made hollow and a cardan
shaft extends from the motor, through the pinion shaft, to a
drive flange on the opposite side of the gear unit. Figure 6-3
is an illustration of the HST power truck while Figure 6-4 is a
detail of the drive arrangement.

Each universal joint on the cardan shaft is comprised
of six rubber bushed links between flanges on the coupling shaft
and the respective motor or pinion shaft flange. The rubber
bushed links accommodate axial movement between motor and pinion
shafts eliminating the need for wearing surfaces such as splined
couplings. Axle torque is reacted through a rubber bushed link
between the gear box and truck frame and through the primary
suspension. This cardan shaft arrangement is said to be able to
accommodate a total relative radial movement of 2 1/2 inches
between the two shafts (plus and minus 1 1/4 inches).

The maximum net horsepower per axle is approximately
500 h.p. and the maximum tractive effort per axle is 4825 1lbs.
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AEM7

The ASEA standard drive arrangement, used on the modi-
fied Rc4 demonstrator locomotive which was tested on the NEC in
1976, is being applied to the new AEM7 locomotive being built for .
Amtrak by EMD. It employs a truck frame mounted motor coupled to
an axle mounted gear unit. In order to obtain a cardan shaft of
sufficient length, the motor shaft is constructed as a quill and
a fairly long cardan shaft extends through this gquill coupling
the gear unit to the motor at the opposite end of the motor.
‘Figure 6-5 is a cross section drawing of the ASEA drive. .

The motor end of the cardan shaft has a coupling com-
prised of a crown gear which engages an internal spline in the
end of the motor shaft and accommodates both angular deflection
and the relative lateral movement between the axle mounted gear
unit and the truck frame mounted motor. The gear unit end of the
cardan shaft is comprised of a series of pre-compressed rubber
blocks which accommodate shaft deflection by shear deflection in
the rubber. The cardan shaft itself is a torsion bar which
further absorbs torsional shocks. Gear unit torque is reacted
through a rubber bushed support link.

Starting tractive effort is 12,825 1lbs. per axle for

the AEM7 and the rated top speed is 125 mi/h. The continuous
horsepower per axle is 1330 at 70 mi/h.
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FIGUREG6 -5
ASEA DRIVE FOR AMTRAK AEM 7 LOCOMOTIVE
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7 - TRUCK FRAME MOUNTED MOTORS AND GEAR UNITS

The last step in reducing unsprung mass within the
truck is the removal of both the gearbox and the motor from the
axle and supporting them on the truck frame, using a flexible
coupling arrangement to drive the axles. These arrangements are
generally referred to as quill drives because the output shaft of
the gear unit is a hollow shaft or "quill" through which the axle
.passes. A flexible coupling of some sort then connects the quill
shaft to the driving wheel-axle assembly. In addition to the
reduction in unsprung mass, truck frame mounted motors and gear
units also offer the advantage of isolating the driving torque
reaction forces from the primary suspension.

-Twin Motfor

S\ ~—Armature
N

—~

\
AR ..
W —+=t--PIrrion
i ]

Y

Gear Case-—
Whee [-——=+

Top of Raily
.Gear-and-Quill Drive—Twin-Motor Arrapgement, *

A
-

The problem with quill drives is that the flexible
coupling to the axle must be able to handle the final output
torque to the axle (motor torque x gear ratio). This requires a
considerably larger coupling than used between frame mounted
motors and axle hung gear units.

Pennsylvania Railroad GG-1

The most prominent example of the gquill drive is the
GG-1 locomotive which has been the principal electric locomotive
in the NEC for almost 45 years. Each of the six driven axles are
powered by a pair of 25 Hz commutating series-wound motors having
a common stator frame.. Pinions on the two rotors engage a common
gear on the quill shaft which is carried in bearings on the
locomotive frame. Driving flanges called "spiders" on each end
of the quill shaft have projections which extend between the
spokes of the driven wheels of the locomotive and transmit torgque
through rubber compression pads called "drive cups!". Each driven
axle has journal bearings at its ends which are located in frame
. pedestals and carry the weight of the locomotive through leaf
springs with equalizer linkages. Figure 7-1 is a composite
photograph of the components of the GG-1 quill drive.

*COURTESY OF SIMMONS-BOARDMAN, "RATLROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE", 1923. ‘
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FIGURE 7 — 1
GG -1
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APPEARS IN NUMEROUS PRR HISTORICAL DATA AND IS
APPARENTLY A PRR PUBLICITY PHOTO SERIES
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The GG-1 has three driving axles in each of two arti-
culated frames. A two-axle guiding truck is provided at each end
of the locomotive with lateral springing accomplished with rocker
devices to provide lateral guidance and stabilization of the main
frames. The body of the locomotive is pivoted on the two frames.
The wheel arrangement is designated 2-C+C-2 by the AAR standard
nomenclature. ,

The GG-1 has a nominal rating of 770 horsepower per
axle with a short time maximum of 1550 horsepower per axle.
Tractive effort per axle, based on the rated starting tractive
effort of the locomotive, is 11,783 lbs. The driver axle load is
50,500 lbs. per axle, which is one of the lightest used on U.S.
locomotives.
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GG~1 Predecessors and Development

The development of the GG~1 design is an interesting
case in developmental testing with prototype designs which addressed
specific problems in tracking characteristics which had occurred
with earlier locomotive designs.

It is significant to discuss two quill drive predecessors,
the 0-1 and P-5a, and a concurrent quill drive design, the R-1.

- The O-1 was built in a limited quantity of eight units
with electrical equipment by three different suppliers for a
comparison and like the GG~1, employed a twin motor arrangement.
However, the tractive effort per axle was higher at 18,750 lbs.
(vs. 11,783 1lbs.) as was the power per axle at 1250 continuous
horsepower (vs. 770 hp) for a total continuous rating of 2500
horsepower on two axles. The driving axle load of 75,000 lbs.
was 50% greater than the GG-1. The driving wheel diameter of the
O-1 was 72 inches which was larger than the 57 inch driver of the
GG-1, and compensated slightly for the increase in wheel to rail
_ contact stresses caused by the higher axle load. The two driving
axles of the 0-1 were carried in a rigid frame with a two axle
guiding truck at each end for stability (2-B-2).

The quill drive arrangement of the 0-1 differed slightly
from that of the GG~1 in that there was only one coupling between
the axle and quill shaft. A single spider and one set of drive:
cups engage one driving wheel per axle, and the torque was trans-
mitted through the axle to the other wheel.

The tractive effort and horsepower limitations of the
0-1 led to the development of a similar but larger locomotive,
the P-5a. The P-5a had three driving axles, rather than two, but
had the same pilot truck arrangement (2-B-2) and approximately
the same axle load, power, and tractive effort ratings per axle.
The P-5a was built in a fleet quantity of 90 units.

Early difficulty with tracking stability of the 0-1 and
P-5a locomotives occurred and was corrected to an extent deemed
satisfactory, however a more studied approach was then taken in
the development of the GG-1. A competitive developmental project
was undertaken in which General Electric, Westinghouse Electric,
and the railroad's engineering department participated. Two
competing locomotives, the R-1 and the GG-1, were built and
tested extensively before the GG-1 was declared the "winner" and
placed in production for a total of 139 units.

The R-1 locomotive was derived from the P-5a and had
four driving axles in a rigid frame, with a two-axle pilot truck
at each end producing a 2-D-2 wheel arrangement. The body was
similar in styling appearance to the GG-1.
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In the comparative tests between the R-1 and GG-1, the
GG-1 showed lower lateral impact forces as measured by track
instrumentation and a better tracking characteristic as exhibited
by accelerometers on the locomotives. The R-1l had an axle load
of 57,500 lbs. which was considerably lighter than the P-5a but
heavier than the GG-1. The R~1 used the same motors as the P-5a
giving 1250 horsepower per axle for a total of 5000 horsepower
for the locomotive, or slightly more than the GG-1. Table 7-1
presents comparative data for these locomotives.

1-35



Class

Wheel arrangement

Total weight

Weight on drivers

Weight per driven axle
Horsepower-continuous
Tractive effort-starting

Tractive effort-

continuous

Speed at continuous

rating

Continuous horsepower-

per axle

Starting tractive=

per axle

* Note: . Variations in data on GG-1 will be noted because of gear ratio

COMPARISON OF PENNSYLVANIA RAILROAD

ELECTRIC LOCOMOTIVES

GG-1

2=-C+C-2

*477,000 lbs.

*303,000 1bs.

* 50,500 1lbs.

°*F

o

*

*

4620 hp
70,700 1bs.

17,300 1bs.
100 mi/h
770 hp

11,783 1bs.

and production lot changes.

R-1

2=D=2

. 402,000 1bs.
230,000 1bs.

57,500 1bs.

5000 hp

57,500 1bs.

18,750 1bs.

. 100 mi/h

1250 hp

14,375 1bs.

TABLE 7-1
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P-5a

2-C-2

394,000 1bs.
229,000 1bs.

76,333 1bs.

3750 hp

57,250 1lbs.

16,600 1bs.

90 mi/h

1250 hp

19,083 1bs.

300,000 1bs.

150,000 1bs.

75,000 lbs.

2500 hp-

37,500 1bs._

11,100 1bs.

90 mi/h

1250 hp

18,750 1bs.



German ET403

The German ET403 is a high performance MU train comprised
of 1nd1v1dual cars with all axles powered. The existing train-
sets employ streamlined cab cars at each end and two intermediate
cars.

The ET403 has a form of quill drive with the motors and
single reduction parallel gear units shock mounted to the truck .
frame. The truck arrangement of the ET403 presents a very close
fit of motor and brake components. Cheek mounted brake discs are
fitted to both inner and outer faces of each wheel plate. This
crowded truck layout dictated a compact quill drive.

A cardan shaft, concentric with the axle, couples the
gear unit quill shaft to the axle. A six-segment rubber coupling
at each end of the cardan shaft accommodates the angular and
lateral deflection of the cardan shaft and provides torsiomal
cushioning. The geometry of the cardan shaft is unique in that
the cardan shaft passes through the quill shaft of the gear unit
with the coupling located between the gear unit and the adjacent
wheel. This permits a long cardan shaft and minimizes angular
deflection at the couplings. 1In order to accommodate the axle
and cardan shaft, the quill shaft must be of a large diameter,
necessitating a large diameter support bearing. Figure 7-2 is an
illustration of the motor, gears, and cardan shaft components for
the ET403.

Starting tractive effort per axle is 2783 1lbs. The
accelerating tractive effort is fairly close to this value up to
65 mi/h at which point it declines on a motor curve.

*

1-37



FIGURE 7-2
GERMAN ET403 TRACTION NOTOR DRIVE
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Alsthom Monomotor

An interesting example of French locomotive construc-
tion is the type BB 22200 built for SNCF by Alsthom and designed
for dual current operation on either 25 kv, 50 Hz or 1.5 kV
direct current. A similar type BB 7200 was also built for opera-
tion on direct current only. The BB 22200 locomotives have a two
axle monomotor truck in which a single large 2000 kW motor (2667
horsepower) and an extensive gear train are mounted to the frame
of each truck and drives both axles. The gearbox output shafts
are quill shafts with concentric cardan shafts coupled to each
axle. The gear train has a central input pinion engaging two
idler gears which in turn engage the two output quill shaft
gears. Spur gears are used avoiding the need for thrust bearings
and to permit a narrow gearbox. This arrangement provides for a
short 2.8m (9' 2 1/4%) wheelbase while placing the motor shaft
well above axle height with the motor extending up into the body
of the locomotive. Figure 7-3 is a composite illustration of the
monomotor truck and details of the cardan shafts to the axles.

To facilitate axle removal the output shafts and gears
are carried in removable sections of the gearbox. A flexible
coupllng is applied between the motor and gear unit to accept
minor shaft misalignments.

The cardan shaft has two configurations of universal
couplings. At the gearbox end, the coupling has a conventional
arrangement with two radial pins extending from each of two yokes
on the quill and cardan shaft. These yokes are rotated 90° apart
and engage an external ring. Rubber bushings are used to accomm-
odate the rotational movement between the pins and ring which
occur when the universal coupling is deflected out ‘0of line.

The coupling at the'axle connection differs in that the
pins are parallel with the axle (rather than radial). The pins
. are attached to the yokes and rubber bushings are also used,
however deflection at the coupling produces angular misalignment
between the pins and the ring. The rubber bushings accommodate
this angular movement by functioning as self aligning bearings
and also permit lateral movement of the axle by shear displacement
of the rubber. The wheel plate serves as the driven yoke, having
holes in which the two driven pins are secured.

The starting tractive effort is approximately 16,300
1bs. per driving axle. Maximum rated speed of the locomotives is
112 mi/h with a normal service speed of 100 mi/h. The maximum
continuous horsepower of 5333 is developed at 100 mi/h while a
. short time rating of 7600 horsepower is available for 15 minutes
in the range of 55 to 90 mi/h. A freight version with gearing
for 62 mi/h has also been produced. Sixty-eight of the 150 type
BB 22200 locomotives and 35 of the 110 type BB-7200 locomotives
have freight gearing.
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Monomotor LRV

Light rail vehicles commonly have monomotor truck
arrangements with truck frame mounted motors and gear units.
while many of these have axle couplings which utilize rubber pads
deflecting in shear to accommodate relative movement between axle
and gear unit quill, some utilize couplings having a series of
linkages which offer a greater degree of isolation.

The Garrett motor and gear arrangement applied to the
Boeing LRV is an example of a drive employing a single longitudinal
shaft motor coupled to two right angle hypoid gear units with
quill drive. The motor and gear units are bolted together as a
unit and shock mounted to the truck frame. A link type coupling
connects each gear unit quill shaft to the respective axle accom-
modating the travel of the relatively stiff primary suspension
and the shock isolation of the motor and gear unit mounting.

The Garrett axle coupling is comprised of two sets of
linkage, operating in series, which have a common intermediate
flange. Each set of linkage has two parallel radius rods which
connect the driving flange to the intermediate flange (or the
intermediate flange to the driven flange) and permit relative
movement perpendicular to the shaft along one axis only. The two
sets of linkage are positioned 90° apart to accommodate continuous
radial movement (hence rotation).

Figure 7-4 is a two part illustration of the coupling which
illustrates the action of the two linkages.
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8 - BODY MOUNTED MOTORS

The only remaining step in the reduction of unsprung
mass is to relocate the traction motors from the truck frame to
the body where they can be carried on the secondary suspension.
Historically, drive arrangements with shafts and gears between
body and truck have been used with gasoline and diesel engines
having mechanical or torgue converter drives where, because of
size and maintenance requirements, the engine could not be truck
mounted. Electric traction motors, in contrast, were generally
mounted in the trucks because of the apparent advantages of
simple and compact arrangement. More recent concern with the
riding qualities of high speed electric train sets operating at
speeds in excess of 150 mi/h has led to consideration of trans-
ferring the motor mass to the secondary suspension. The attendant
penalty is the increased complexity and maintenance of drive
components.

Three of the electric trains reviewed by IPEEP were
designed for speeds of over 150 mi/h and have body mounted traction
motors.  These are the French TGV-PSE, the British APT, and the
Italian ETR401. Their drive arrangements are reviewed along with
the diesel/torque converter drive of the Budd SPV2000 and:-its
" predecessor, the RDC.

French TGV-PSE

The French TGV-PSE is comprised of an articulated set
of passenger cars with a separate electric power car (locomotive)
at each end. 1In addition to two motor trucks on each power car,
one truck at each end of the articulated car set is motorized,
deriving its power from the adjacent power car.

The drive for the TGV-PSE is unique in that it retains
the layout of a parallel drive with the motors located within the
area of the truck, however the motors are shock mounted to the
carbody allowing the mass of the motors to be carried by the
secondary suspension. Power is delivered through a transfer gear
box attached to the motor and then through a special slip jointed
cardan shaft to a second gear unit mounted on the axle. The
transfer and axle gear units are on opposite sides of the truck
with the cardan shaft parallel with the axle. Sufficient clearance
is provided within the truck frame to accommodate relative movement
between the carbody mounted motor and the truck frame. Figure
8-1 is an arrangement drawing of the TGV-PSE power truck, while
Figure 8-2 is a detail of the traction motor drive componeénts
alone. By locating the motors within the truck, there is no
adverse effect on the vehicle's center of gravity.

Because of the body mounted motor arrangement, the type

Y230 power truck used under the power cars and the ends of the
articulated car set is actually lighter than the type Y231l non-power
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truck used at the articulated car connections. Although the
power truck mass includes the axle gear unit, the array of four
brake discs per non powered axle contributes slightly greater
mass, accounting for the difference. The unsprung mass of a
powered axle is given as 2,932 lbs. while the unsprung mass of a
non-powered axle (with discs) is 3,543 1lbs.

The arrangement of a transverse slip jointed cardan
shaft between the body mounted motor and the axle gear unit
introduces a serious problem in that the force required to tele-
scope a conventional splined coupling is a function of the torque
being transmitted because of the friction between the spline
surfaces. Thus a large lateral force may be required to telescope
the spline when operating at high levels of propulsion, or dynamic
braking torque, while very little force will be required while
coasting. This varying lateral force introduces an undesirable
bias in the lateral spring and damping rates of the suspension -
which also affects yaw damping.

To preclude this problem a special splined coupling
which the French have termed the "Tripode" was developed using
roller contact surfaces. The Tripode has three large splines in
the external half of the telescoping coupling which engage three
rollers on pins on the inner member of the coupling. Needle
bearings are used between the rollers and pins to eliminate
friction bearing surfaces. This configuration reduces the tele-
scoping friction forces to a negligible level.. Conventional
universal joints are used at each. end of the sliding coupling.

The Tripode was derived from the somewhat longer drive
shaft used between rear mounted engine/transmissions and the rear
axle in large busses. It has considerable experience in this
service. Extensive prototype testing was performed with the
Tripode on the Z7001 experimental electric car and endurance
tests were performed at test facilities including those of the
SNCF. Two somewhat different designs are offered by two manufac-
turers; Voith and Glaenzer-Splcer Figure 8~3 is an 1llustratlon
of the Glaenzer-Spicer version of the Tripode.

The tractive effort transmitted by the TGV drive is
3990 1lbs. per axle when starting and the continuous tractive
effort requirement for 260 km/h operation (161.6 mi/h) on level
tangent track is 1087 lbs. per axle. With new wheels (worst
case) and taking the axle gear ratio of 41 to 54 into comnsidera=-
tion, this subjects the Tripode coupling to 4572 foot-pounds of
torque when starting and 1246 foot-pounds of torque at 1975
revolutions per minute at the 161.6 mi/h condition.
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British APT

The British APT is a system of tilt body, articulated
passenger-carrying cars and separate tilt body electric power
cars (locomotives). Train consists for production versions have
not yet been determined, but the prototype arrangement is made up
of one or two mid-train power cars located between articulated
car sets.

In the APT the traction motors are mounted within the
car body of the locomotive along with the hydrokinetic brake
unit. Power is transmitted from transfer gear units attached to
the motors through longitudinal cardan shafts to the trucks.
Right angle gear drives to the axles are shock mounted to the
truck frame and coupled to the axles through concentric cardan
shafts to further reduce the unsprung mass. This arrangement
places the mass of the traction motors and hydrokinetic brake
units on the secondary suspension and the gear units on the
primary suspension. Figure 8-4 shows the arrangement of the
drive train.

The physical arrangement of the motors and hydrokinetic
brakes in the car body places the motors for each axle approxi-
mately above the opposite axle of the same truck. The motors,
gears, and shafts at each truck are offset to opposite sides of
the locomotive providing adequate clearance between the shafts as
they pass each other to accommodate truck movement.

Placement of the motors and hydrokinetic brake units
above the floor tends to raise the center of gravity which would
be undesirable with the high curving speeds expected of tilting
body trains. To overcome this weight distribution, the trans-
former and smoothing reactors are placed below the locomotive
floor between the trucks, with the lighter control components and
air reservoirs within the body.

The APT locomotive truck presents some unusual problems
in providing adequate space for traction motor drives and the
tilting body suspension system. The tilt mechanism, while fairly
simple in principle, requires a considerable amount of space as
it is comprised of a tilting truck bolster suspended from swing
hangers between two transverse frames in the truck. The length
of the drive shafts from the body to the truck mounted gear units
is sufficient to preclude any effects on geometry from carbody
tilting.

In addition to the tilt linkage there is a complex yaw
damper arrangement having a carbody mounted longitudinal rocker
shaft which is connected to the truck frame at both ends through
hydraulic dampers. The yaw dampers provide unrestrained lateral
truck movement while offering resistance to truck rotation. The
‘location of the rocker shaft axis close to the tilting axis of
the locomotive minimizes the influence of body tilt angle on the
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dampers in comparison with that which would obtain with the use
of more conventional longitudinal dampers between the truck and
the body at the sides of the locomotive. A separate damper is
used to control lateral movement. Figure 8-4 is an isometric

" drawing of the APT power truck.

Another feature of the APT locomotive suspension which
complicates the space problem is the use of a body mounted traction
bracket extending down into the truck between the central transoms
and one axle. This lever provides a low connection link between
truck and car body to minimize weight transfer between axles due
to traction forces. The central location minimizes the effect of
the body tilt angle on the alignment of the traction link. On .
one truck of the locomotive there is an additional set of linkages
extending up through the locomotive car body to the pantograph
base to negate the effect of body tilting on the pantograph by
maintaining the contact shoe in a plane parallel with the cross
level of the rail.

Maximum tractive effort of the APT is 5,750 lbs. per

~axle. This is maintained fairly constant until 70 mi/h at which
point the tractive effort declines along the motor curve.
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Italian ETR401

The Italian ETR401 is a tilting body multiple unit
electric car set having streamlined end cab cars and designed for
operation on 3 kV direct current. The ETR401 cars have a body
mounted traction motor arrangement powering only one axle per
truck. A right angle drive is mounted on the inboard axle of
each truck with a longitudinal cardan shaft extending to the
motor. This arrangement leaves adequate space within the truck
to accommodate two brake discs per axle and the complex bolster
and swing hanger arrangement required by the tilting body suspen-
sion. At the same time truck weight is kept to a minimum by
supporting the traction motor on the 'secondary suspension. The
gearbox is mounted directly in the center of the axle and flanked
by two brake discs. Driving torque is reacted through a link to
the support member for the brake calipers. Figure 8-5 is the
truck arrangement drawing for the ETR401.

Because the ETR401 is designed for sustained high
speed, it does not require the traction potential of having all
axles driven and therefore can benefit from the reduction in
drive components and the inherent reduction in mass afforded by
fewer components of greater unit capacities. The use of 3 kV
direct current power transmission in Italy further reduces vehicle
weight by eliminating the need for an on-board transformer, and
frees underfloor equipment space which can be used for body
mounting of the traction motors. This arrangement would be much
more difficult on an A.C. powered vehicle.

Maximum tractive effort per axle is 3,050 lbs. which is
maintainted to approximately 65 mi/h at which point it begins to
decline following the motor characteristics.
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SPvV2000, RDC and Others

The Budd SPV2000, utilizes diesel engines and torque
converters to drive all axles. This concept was derived from the
highly successful Budd RDC of the early 1950's which had a diesel
engine and torque converter coupled to the inboard axle of each
truck in a manner very similar to the Italian ETR401. The basic
drive concept was shared by other internal combustion engine
vehicles having mechanical or torque converter transmissions, and
has been expanded to drive all axles in the new SPV2000 by adding
a second right angle gear unit to the outboard axle of each
truck. A transfer gear stage on the inboard axle gear unit
permits the input shaft to pass above the axle with no change in
the offset between the pinion and ring gears of the hypoid right
angle drive.

With the original RDC, horsepower per driven axle was
limited to about 260 h.p with a starting tractive effort of
slightly over 4000 lbs. per axle. The SPV2000 has approximately
180 to 200 HP per axle, depending on engine option, and a maximum
starting tractive effort of 3,250 1lbs. per axle.

A similar four wheel drive using one body mounted
traction motor per truck has been offered by General Motors
Overseas Operations on their model GA-8, 800 horsepower diesel-
electric locomotive which is suitable for a range of narrow
gauges. Power per axle is limited to somewhat less than 200 HP
while tractive effort per axle may be as high as 8,275 1lbs.,
depending on gear ratio.
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9 ~ MAINTENANCE CONSIDERATIONS

An important consideration in the design of any equipment
for U.S. railroads is the generally heavy usage and relatively
long interval between maintenance events to which U.S. railroads
are accustomed. With the exception of daily or trip inspection
of safety related items, such as brakes, the only maintenance
scheduled is the monthly inspection and test program required by
the FRA for locomotives and self propelled cars. Because the
daily or trip inspections are generally very brief and not compre-
hensive, non-safety related items often continue in service and .
are not picked up until the monthly inspection. The brakes must
remain operative, however.

The monthly inspection events are, therefore, the only
scheduled maintenance events required on U.S. equipment. In the
course of monthly inspections various brake and electrical tests
required at 3, 6, 12 and 24 month intervals are also performed.
More frequent schedules of maintenance may be performed by the
railroad, however, this is the exception rather than the rule,
and any work done at more frequent intervals is performed as
required on a failure rather than a preventive basis. It is
estimated that most locomctives and multiple unit cars are shopped
on the average of twice per month, once for monthly inspection and
once for running repair of a significant failure.

The foreign maintenance standards observed in the
course of IPEEP program have been generally higher than any found
in the U.S. This level of maintenance permits successful opera-
tion of complex equipment with 1nherently high maintenance re-
quirements which would probably not obtain 1f the same equipment
were subject to U.S. service.

It is therefore important that maintainability be con-
sidered very carefully in specifying new equipment. This is
particularly true in areas such as traction motor drives in which
the trade~offs in design involve the use of more complexity to
offset the effects of excessive unsprung mass. Several key
conditions affecting the maintainability of traction motor drives
are listed here. . '

e Components should be accessible for inspection to
determine wear limits or the need for corrective main-
tenance without disassembly.

® Routine maintenance requirements should be minimal,
avoiding wear surfaces, lubrication points, and seals.
Rubber bushings and shock couplings generally require
no maintenance throughout their service life and there-
fore are preferrable.

e Parts subject to deterioration should be designed for
replacement with a minimum of disassembly.
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e Employ a maintenance philosophy of developing life
expectancy statistics in a test program and then replace
components cn a mileage basis before failure occurs.

e Drive train components will probably be replaced as
' units with overhauled and matched components and assemblies.

The maintenance requirements for each of the drives )
reviewed in this paper are closely related to other design features
of the respective train such as truck designs and suspension
designs and train configuration, and to railroad maintenance
facilities. It would be unrealistic to quantify the various
traction motor drive designs out of this context, however an
evaluation of proposed traction motor drives should be made as a

part of planning for any new high speed passenger equipment for
the U.S.



PART 2, REVIEW OF MODERN SLIP DETECTION AND CONTROL SYSTEMS
FOR ELECTRIC LOCOMOTIVES AND MULTIPLE-UNIT CARS

Richard A. Uher



1.0 EXECUTIVE SUMMARY

The purpose of this working paper is to review the state of the art
of adhesion improvement in traction and to present synopses of those systems
which hold high potential for a future high spéed passenger train on the
Northeast Corridor. A

- Modern wheel slip detection and correction systems tested in this

country and used abroad can‘improve utilization of adhesion. They cannot,
however, improve adhesion conditions which are caused by rail surface
conditions, dynamic wheel weight relief, wheel/axle adhesion 1imit differences
due to preceding wheel cleaning action and dynamic effects and certain
traction drive effects. They can correct adhesion loss by weight transfer.

Modern slip detection is accomplished by detecting wheel speed
differences, abnormal wheel acceleration and torsional oscillations
in the wheel/axle set which have been found to increase rapidly as the
creep speed approaches the adhesion maximum. Sl1ip correction is
accompljshed by reducing tractive effort on an individual axle basis
if creep is caught in time or by larger reductions of tractive effort
either on an individual axle, truck or vehicle basis when creep has
progressed too far or under conditions of multiple axle slip.

A set of requirements for the design of any slip coptro] system is
proposed based on this review.

- Slip detection should be'fast and accurate.

- Solid state traction control, with separate motor torque
reduction is preferred over other types.

- Mechanical characteristics of the traction drivg should encourage
natural reestablishment of adhesion by "slip-stick".

- Slip control should operate fast enough to reduce wheel wear
but slow enough to maintain high tractive effort.



Three modern s1ip control systems were reviewed.

- Sentry Adhesion System (General Electric Co.)
- Creep Control System (ASEA)
- AC Drive (Automatic Slip Control)

Since the performance of these systems was not tested on the
same locomotive, no conclusion regarding which one is better can be

drawn.



2.0 INTRODUCTION

Improved utilization of available adhesion is an advantage for passenger
and freigﬁt locomotives and self-propelled cars with high accelerating
rates (3.QJ3;5 MPHPS). There is Tess of an advantage realized with
self-propelled cars with Tower accelerating rates (1-2 MPHPS), typical of
those.funning on the Northeast Corridor and its branch lines.

A freight Tocomotive's load of freight cars is determined by its
adhesion capability on the ruling grade. A passenger locomotive can
provide better acceleration to its consist if it has high adhesion; and, if
the profile over which it runs has many speed restrictions and passenger
| stops, the;schedu1e time can be improved.

The purpose of this working paper is to review the state-of-the-
art of adhesion 1mproVement in traction and to present synopses of those
systems which hold high potential for a future high speed passenger
train on the Northeast Corridor. n

In order to fulfill the objective of the paper, it was necessary to
complete a review of the known factors which influence adhesion in
order to determine which can or cannot be controlled by a wheel slip
control system. Thus, Section 3.1 covers the basic definitions used in
the subject of adhesion and section 3.2 contains a revigw of the wheel/rail
interface which pertain to adhesion and its improvement. With this
introduction to the basic phenomena, Section 3.3 reviews the factors which
influence adhesion including rail surface conditions, which is by far the
primary influence, imposed wheel creep, wheel weight relief caused by both
static and dynamic forces; wheel/axle adhesion 1imit differences due to
wheel cleaning action and dynamic effects, tread brake action c1ean1ng

and traction drive effects.



Section 4.1 discusses modern methodology for slip detection.
In particular, wheel speed difference, wheel acceleration and detection of
torsional oscillations in the wheel/axle set in the approach to the
adhesion 1imit is discussed. Section 4.2 considers modern methods used
in the traction equipment for slip correction. Finally, Section 4.3
develops a set of requirements for modern slip control systems.

In Section 5.0, three slip control systems are reveiwed.

- Sentry Adhesion System (General Electric)
- Creep Control System (ASEA)
- AC Drive (Automatic S1ip Control).

Section 5.4 presents the problems which must be solved in making a

comparison among these systems.



3.0 BASIC ADHESION PRINCIPLES

In order to understand the fundamentals of slip detection and correction,
it is necessary to discuss some of the principle phenomena connected with
adhesion. The reader is referred to Reference 1 for a more detailed
coverage of these principles. Much of the summary discussion here is a
condenéation of that reference.

During the last two decades, research into the phenomena constituting
adhesion has borne some fruit. The study of slipping and sliding of wheels
after exceeding the adhesion Timit has been related to the tractive-effort/
speed curve of thg motive power. It has been found that adhesion, or the
lack of it, shou]d‘be«tréated as a stochastic process and statistical methods

shdu]df?e;app]ied in order to interpret measured results.

3.1 DEFINITION OF ADHESION
~ There 1is a 1imit to the maximum tractive or braking effort which
can be applied via the steel wheel. This Timitation is referred to as the
 adhesion limit.
Figure 3.1 illustrates the definitions which pertain to adhesion. The
adhesion- coefficient, which can be related stochastically to. the adhesion
Timit, depends on many factors

- Creep phenomena at the wheel/rail interface

- Rail and wheel surface conditions

- Speed of Wheel and Vehicle

- Vehicle/Rail Dynamics

- Characteristics of Traction System-.

Each of these phenomena which determine the adhesion coefficient and

the adhesion T1imit involve complex interactions. In fact, the complexity is

so extreme that railroads still depend on testing and experience to determine

2=5



FA=uN

The quantity, »#, is called the
coefficient of adhesion.

7] N = Normal force of wheel on rail
F

= Tangential force applied via

A tractive or braking system

The adhesion limit, Bys is defined by the expression

Y = Prob (uSnM)

where 4 ijs some high percentage (usaully taken as 90%).

This above expression is interpreted as follows:

With the same conditions of environment, speed track and motive power,
the probability that the adhesion coefficient will be less than the adhesion
limit is 7.

FIGURE 3.1 BASIC DEFINITIONS OF ADHESION
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what adhesion limit to use.
Figure 3.2 shows the adhesion 1imits obtained from different measurements
on different wet and dry rails. It is not clear what probability levels

‘were chosen for these curves.

3.2 CREEP PHENOMENA AT WHEEL/RAIL INTERFACE

The contact between twb objects always occurs at a contact surface whose
shape, area and stress distribution depends on the mutual force between
the bodies, their materials and their shape. For motive power in railroad
application, the contact surface between wheel and rail has an elliptical
shape whose length in the direction of motion increases with increasing
conicity and wheel diameter. The contact area is not proportional to the
force applied. The mean pressure increases with ﬁhis force (which means
that the contact area increases slower than the applied force) and
decreases with increasing wheel diameter.

When torques are applied to a rolling wheel either because of the
action of rolling train resistance or through-the tractive and braking system,
an area of compressioﬁ and tension develops on and immediately below rai]t
" and wheel surface. This effect is illustrated in Figure 3.3. The larger
the applied tangential force between wheel and rail, the further the zero
line of stress is displaced from a line drawn perpendicg]ar to the rail and
through the center of the wheel.

Because of the stress/strain relationships developed upon transmittal of
a tangential force between wheel and rail and because the surface contact
is areal rather than lineal, the relative circumferential speed of the
wheel at the rail is different from the wheel's forward speed. As a

consequence, in order to transmit tractive or braking effort, it is necessary
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to have some creep speed (difference between wheel circumferential and forward
speedé). The relation between the amount of tangential force transmittable
and the reqﬁired creep speed can be illustrated by plotting the adhesion
coefficient at some forward speed (VO) as a function of creep speed as is
shown in Figure 3.4. Note that the adhesion coefficient drops to zero

unless their is some creep.

The ideal place to operate is the microslip region shown in Figure 3.4
and as near to maximum adheéion value as possible with existing rail
conditions. The macroslip or skidding region operation is not desirable
because oflinstabilities and the high wheel and rail wear rates encountered at

these levels of wheel creep. Thus it is the job of any traction/wheel slip

control system to operate near maximum adhesion as much as possible.

3.3 FACTORS WHICH INFLUENCE ADHESION
3.3.1 Rail Surface Conditions

The effects of rail surface conditions on adhesion have been investigated
over many decades in many different kinds of tests both in the field and in
the laboratory. The principal knowledge gained over the years may be simply
stated as follows:

- Absolutely clean, dry rails will cause an adhesion coefficient at
low speed in the range from 0.6-0.7. This condition can be simulated
in thg laboratory but can never be realized in practice on the
road. -

- Moistgre propagated oil films. are a major cause of wheel slip.
Tests® conducted in the U.S. have shown that ninety percent of all
wheel slips occur on curved track, at road crossings, switch points,
frogs and crossovers where oil deposits were present outside the
rail wear band. Traffic and heat destroy the oil film while light
rain or dew causes it to develop as soon as the water comes into
contact with the o0il deposit. Long and heavy rain can wash away
the deposits completely and restore adhesion.
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Heavy oil films (5 x 10'6 g/cm2) tend to reduce the adhesion
coefficeint at Tow speeds to a value of 0.16. Figure 3.5 shows
the adhesion coefficient's dependence on lighter film thicknesses
and humidity. These graphs result from laboratory tests. !

At low speed, adhesion on very wet, clean rail is similar to that
on dry, clean rail. However, on wet rail there is a greater
slipping effect even though maximum values remain about the same.
(In other words, referring to Figure 3.4, the slip speed at
maximgm will be larger at peak adhesion on wet rail than on dry
rail.

Rust films exhibit both improvement and degradation of adhesion.
A thin, dry (yellowish) rust film is observed to improve adhesion
while thick, moist (brownish) rust films reduce it. :

Industrial pollutants such as coal dust and cement generally have
an adverse effect on adhesion if the film is thick enough to
interrupt rail contact. The effect becomes worse as the humidity
increases.

Falling Teaves in the autumn substantially reduce adhesion. They
are made into a viscous paste which is spread over large distances
by the action of wheels and moisture. Values as low as .05 have
been encountered.l

Quantities of very fine particles of iron, oron oxide, iron garbids
and silicon dioxide when spread on 0il films (up to 40 x 1072 g/cm¢)
will improve adhesion. If o0il films are too thick, particles will
have no effect. The presence of water reduces the adhesion
improvement of these particles on the oil film.

It is clear from our past knowledge of the effect of rail surface

condition on adhesion, that many different rail surface conditions which

can be met in a typical run can cause an extreme variation from point to

point é]ong any given track or from time to time along the same track. Thus,

both.the creep speed from zero to peak adhesion values dnd the peak adhesion

value will vary from point to point and from time to time. Test results have

indeed verified this.

There are obvious ways to improve adhesion by fixing rail surface

conditions. Sanding which has been used for several decades and rail

cleaning by various devices (including application of heat, water etc.) are

among the more pobu]ar.
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3.3.2 Imposed Wheel Creep

In the discussions concerning the relation between the adhesion
coefficient and wheel creep speed (Figure 3.4), it was mentioned that
the amount of tractive (braking) effort which could be transmitted between
wheel and rail depended on wheel creep speed. However, wheel creep is a
vector quantity which has both magnitude and direction and "should be
more properly called wheel creep velocity. There are several wheel creep
effects which must be added vectorially to determine the global wheel
creep velocity. Thus, the maximum tractive effort in the direction of
forward motion of the train will be reduced because:

- It will decrease with increasing angle between wheel creep

velocity and the forward direction,

- Wheel creep velocity is in general different for the two wheels
of the same wheel set.

~

This decrease in adhesion is caused by several types of creep effects.
Wheel Conicity

Figure 3.6 demonstrates the effect of wheel conicity on wheel
creep veiocity. Because the rotational axis of the wheel is not parallel
to its rolling surféce, there is an imposed creep. In the absence of
tractive effort, the center of rotation is nearly coincident with the
center of the contact area (Figure 3.6a). This rotational creep modifies
the forward creep caused by tractive effort application in such a way
that the creep ve]dcity is rotated at a slight angle to the forward direction
of the wheel and the center of rotation is displaced as shown in Figure 3.6b.
This effect.reduces the net tractive effort which can be applied in the

forward direction over the case of cylindrical wheels.
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TRACTIVE EFFORT a TRACTIVE EFFORT

DEFINITION OF SYMBOLS:

0 - Point of zero relative velocity between wheel and rail
Y - Coning angle '

w - Rotational speed of wheel

wp - Component of rotational velocity on wheel tread surface

Wp - Component of rotational velocity perpendicular to wheel tread surface
Aw - Creep speed due to application of tractive effort

FIGURE 3.6 IMPOSED SLIPPING BECAUSE OF WHEEL CONICITY
(REFERENCE 1)
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Wheel Diameter Differences and Lateral Forces

Lateral forces are developed between the wheelset and the track
because of variation in gauge and alignment. These forces act in a direction
perpendicular to the direction of motion and any creep velocity which develops
as a consequence of them will not affect the tractive»effort. However, if
wheels on the same wheelset have different diameters, the associated
transverse motion will induce different creep velocity components in the
forward direction. These wii] have the tendency to reduce the overall
adhesion coefficient.

Curving and Hunting

Any factor which affects the striking angle of the wheelset to the
track in the forward diregtion will decrease the creep velocity component
in that directioﬁ. Negotiation of curves and truck hunting are two such
effects.
3.3.3 Wheel Weight Relief

The term weight relief refers to a driving wheel which has less

vertical load imposed on it by the rail under dfiv%ng (braking) conditions
than under non-driving (non-braking), static conditions. Weight relief can
adversely affect the amount of tractive effort which can be applied by the
traction vehicle. There are two major causes of weight relief:

- MWeight transfer, which is a relatively constant weight relief
on certain wheelsets caused by application of tractive effort..

- Dynamic weight relief, which varies with time and occurs on all
wheels. It is caused by the interaction of the vehicle with the
track.

~ Weight Transfer

Weight transfer is the redistribution of wheel/rail loading as
tractive effort is applied on the vehicle. Some of the wheelsets will

feel a weight increase while others will feel weight relief. Weight transfer



is a specific characteristic of the driving vehicle and depends on several
|
factors, among them
- height of coupler above track (Tocomotives)

- above track height of the longitudinal coupling between driving
truck and body

- truck wheelbase
- distance between truck center

- characteristics of traction motor suspension, gear units and
coupling. .

If each wheelset is driven with a separate traction motor, the
maximum tractive effort should be limited so as not to exceed the value of
allowable adhesion on the wheelset with the greatest weight relief. If
both motors on a two axle drive are operated from the same contrdl; there? i
is some weight relief compensation as illustrated in Figure 3.7. This
compensation arises because the tractive effort/speed curve has a negative
gradient as a function of speed. Because of the weight relief on axle 1
and the nature of the adhesion/creep speed curve, the creep speed will bg
slightly higher which reduces fhe tractive effort put out by that axle,
which in turn reduces the weight relief.

If the wheelsets on the same truck are mechanically connected

such as in the case of a monomotor truck, the speed of these wheelsets

including their creep speed will remain the same (provided, of course,
the wheel diameters are the same). Thus wifh the assumption of similar
adhesion coefficients for both wheelsets, the total tractive effort
developed would not be influenced by weight relief. This is illustrated
in Figure 3.8. Weight transfer is still a factor between trucks on the

same vehicle.
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Dynamic Weight Relief

The driving wheelsets are part of a vehicle which.is a Tocomotive
or a se]f—prépe11ed car. Thus the wheel/rail interaction which involves
the vehicle suspension system and track irregu]aritieé has an influence on
weight relief which varies rapidly with t%me. This weight relief is
instantaneously different for each wheel on‘the vehicle and can be both positive
énd negative. However, its average value will be zero, since it is a
dynamic effect.

Variations in cross level and vertical alignment are the
principal track inputs which result in this weight relief variation. Because
of wheel conicity, gauge variation. and lateral alignment also produce some
weight relief effects; but, these are very small.

The effect of dynamic weight relief on adhesion is a very

compTex problem and depends on several factors:

- Mechanical parameters of the car including sprung and unsprung
masses, moments of inertia and spring and damping constants

- Train forward speed

- Class of track (power spectral density)

Since dynamic weight relief increases with vehicle speed, the
effect on adhesion is also expected to increase.
3.3.4 Wheelset Adhesion Limit Differences -
There are two effects which can cause the wheelsets of the same
driving vehicle to experience different adhesion coefficients.
The first effect is the cleaning caused by the leading wheelset. The
first axle normally encounters the poorést rail surface conditions. Its

passing over the rail provides a coarse cleaning for the following wheelset.
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Of course, each succeediné wheelset provides some cleaning for the following

wheelset, so that each successive wheelset should normally see a higher
adhesion coefficient.

There is a second effect which can somewhat neutralize the successive
cleaning. Although the first axle provides cleaning on the average, the
following axles, because of theirA]ateral motions, may not fo]low the
same path. This causes variation in adhesion'coeffiqients from axle to axle
which in general is different from the rule described above, namely,
that each successive axle see a higher adhesion coefficient.

3.3.5 Braking Action ‘

Tread braking has always been considered superior to non-tread
braking in terms of adhesion performance. The effect of the tread brake
is to clean both wheel and rail of film which reduces the adhesion coéfficient.

" The mechanism of cleaning is generally recognized as vaporizat&on by

heat of the film material.

There is controversy, however, between‘use of cast iron, tread brake
shoes and composite material shoes.1 Cast iron shoes are a17e§ed to leave
behind particles of iron, iron oxide and iron carbide which tend to
improve adhesion both by deposits on the wheel as well as the rail. In
contrast, composite material shoes are alleged to leave behind,fi]mé which
have low adhesion properties.

Thjs issue is very controversial. There has been no conclusive
proof in the United States that this does occur in practice.

3.3.6 Propulsion SystemAtonsiderations

The propu]sion system, which consists of the traction control

and drive subsystems, has an important influence on the adhesion capability
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of the motive power when operating near the adhesion 1imit of any of the
driving wheelsets. The principal influences include the mechanical
characteristfcs of the drive, type of traction control, type of traction
motor and the traction contrd]/motor circuit configuration.

Traction Drive Mechanical Characteristics

Mechanical characteristics which influence adhesion at the
adhesion Timit include:
- Moments of inertia of motor armature, gears and wheel/axle.

~ Damping and elastic characterics of all drive coupling
in the rotatiopa] direction.

The role of the mechanical characteristics can be described with
the help of Figure 3.9. At time, To’ rail conditions are encountered such
that the adhesion/creep curve changes (from 1 to 2). As a consequence, the
magnitude of the tractive effort which can propel the vehicle becomes TEo
which is less than TEj, the tractive effort being output by the traction
drive. The difference (TE]-TE2) will accelerate the whée], however,
because of the elasticity in the traction drive, the abrupt change in
torques will cause an oscillation to develop in the wheelset as well. The
frequency and amplitude of this oscillation are dependent on the mechanical
characteristics of the drive. The total effect on the wheelset will be
a rapidly increasing slip speed with a superimposed osct]]ation in slip speed.
During the negative cycle of this oscillation, it is possible that adhesion
can be reestablished. The phenomena is known as "slip stick".1

The greater the elasticity in the drive unit, the‘higher is the

probability that adhesion will be established by encountering better rail
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conditions further along the track. High damping in the drive, which
tends to reduce the oscillation magnitude, has an adverse effect on
reestablishing adhesion.

Type of Traction Control

Smooth traction control such as that afforded with solid state
devices is best.fqr maintaining adhesion near its limit. Any abrupt

changes in motor current can cause adhesion loss.

An example of this is seen in Hitachi's expefience on subWay

cars.4 Chopper control improves adhesion by 10% over cam-control resistor
~ switching. The latter control steps the current while the former provides
a smooth change.

A second source of current variation in traction motors comes
from voltage oscillations which arise because of solid state switching.
The resulting current ripple is usually reduced using smoothing reactors.

In Tocomotives using single phase AC traction motors, there is a
pulsating torque which aggrevates a loss of adhesion problem. Modern electric.
locomotives which are now produced'for United States operation do not have
this problem.

Tractive Effort/Speed Characteristics

-In any propulsion system, the relation between tractive effort
and speed under creep conditions at the adhesion limit determines whether
or not adhesion can be reestablished once it is lost. This relation is
determined by the type of traction motor, the motor control method and

the control/motor circuit configuration.
Since the relation between slip and the adhesion 1limit for three

phase AC induction motor drives has been discussed in a previous working
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paper5, only propulsion systems using DC motors are considered here.

The steepness of the tractive effort/speed curve for a slipping
axle at the adhesion Timit is important in determining whether or not
adhesion will be reestablished. This is illustrated in Figure 3.10. In
Figure 3.10a, the tractive effort/speed curve is steep enough so that
adhesion loss establishes a new operating point on the tractive effort speed
curve -(so that the wheel set accelerates from creep speed So'to S1 and then
stops) and tractive effort at—Sl*wiTJ'bé_transmittéd to the.rail. In
Figure 3.10b, no new operating point is established and the wheelset creep
will increase indefiniteiy. In both cases, slip-stick movement may
reestablish adhesion, but it is more Tikely to do so in Figure 3.10a. Thus,
it may be concluded that it is more Tikely to reestablish adhesion after
loss if the tractive effort/speed curve is steep. |

There are several things which determine the steepness of the
tractive effort/speed curve as well as other effects which influence
reestablishment of adhesion. Among them are:

- Type of Motor (Series, separately excited)

- Motor circuit (Two series/two parallel, four parallel)

- Number of motor circuits per independent control (One, two or four)
- Control Method (Constant current, constant voltage, field control)

The following statements can be made concerninig these considerations:

- When using field control, the separately excited DC motor will
have a steeper torque/speed characteristic than the series motor.

- Motor configuration of two series/two parallel are inferior to
four parallel when operating from similar control.

- It is'preferred'to have each motor operating from a separate
control.
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4.0 SLIP DETECTION AND CORRECTION METHODOLOGY

There ére several advantages to detecting and correcting wheel slip
as early as possible.
- High average tractive effort can be transmitted to the rail allowing
1ight weight motive power for passenger equipment and higher loads
for freight locomotives.

- Because less creep is realized per unit tractive effort delivered,
Tess wheel wear will occur.

- Avoidance of rail burns caused by slipping driving wheels.

- Avoidance of "juddering"6 which are torsional vibrations in the
wheelset which can cause problems in the traction drive equipment.

The firét step in achieving these advantages is a good method for
detecting wheel slip such that the increase in creep speed can be as small
as possible. Once slip is detected, it should be corrected as fast as
possible either by changing rail conditions (sanding) or by feducing

tractive effort.

4.1 SLIP DETECTION
4.1.1 Conventional Methods )

Two modern conventional methods for slip detection~which have been
utilized for the past decade are:

- wheel speed difference

- wheel acceleration

Wheel Speed Difference

fhe wheel speed difference method of slip detection depends on a
knowledge of the speed of the driving axles as compared to a reference axle.
The obvious problem is the reference axle. In practice, such an axle
(which would givé an indication of true rolling speed) is generally not available.

The next best thing is to choose as the referencé axle an average of all of the
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driving axles and observe the speed difference between that average and
each of the wheels.

There are several problems with the wheel speed difference
method of detection which limits its usefulness.

- Synchronous slip, that is, the condition when all axles on the
vehicle are slipping at relatively the same creep speed, cannot be
detected.

- Because of wheel size differences and tolerance in electronic
detection circuitry, the time delay between when s1ip begins and

- when it is detected can be great. If thresholds are set too
small, correction may proceed before slip occurs and
tractive effort capability can be reduced on this basis alone.
In any speed difference detection scheme, speed difference
thresholds are generally different at higher speeds than lower speeds. In
fact, speed difference.thresho1ds are generally set on a percentage basis.

Wheel Atce]eration

The wheel acceleration method of slip detection depends on a wheel
or wheels accelerating much more rapidly than the highest acce]efation
rate it would see in normal service. Since wheel acceleration can change
instantaneously, the problem of time delay experienced in the wheel speed
difference method 1is not present. However, taking corrective action too
quickly may prevent the natural "slip-stick" action associated with the
traction drive to be fully effective. Wheel diameter differences are

not a problem here since they just have a proportional effect on the

‘acceleration. This system can accommodate synchronous slip as well as single
axle slip. One disadvantage of this method of detection is that a wheelset
can accelerate under the threshold if rail conditions are stightly

below favorable.
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Wheel Speed Difference and Acceleration Detection
Most modern motive.power units use a combination of wheel speed
difference and wheel acceleration detection schemes-in_order to compliment
each others. In addition, the requirement for locked axle and overspeed

protection can also be combined in the same detection unit.

~

There are several methods for measuring the speed and acceleration
of the wheel sets, however, it seems that modern equipment relies on
digital tachometers which are mounted on the motor armature shaft using
gear teeth as counting points. The accuracy of these devices depends on the
rotational speed of the motor armature relative to the wheel and the
" number of magnetically distinguishable teeth on the gear counter. The

digital signals are converted to voltage or current levels usually on an

electronic card.

4.1.2 New Methodology

ASEA7 has developed a new method for slip detéction which haﬁ
been appfied to their Rc4 locomotive as well as the AEM7 locomotives which
are now being manufactured by Electromotive Division (EMD) of Generaf
Motors for AMTRAK.

The detection scheme makes use of the phehomena of "juddering". As
previously stated, "juddering" is a torsional vibration in the wheelset
by which the two wheels oscillate in opposite directions using the
axle as a torsional spring. This oscillation has a characteristic natural
frequency which depends on the wheel/axle mechanical properties. The
amplitude of this osc¢illation increases rapidly near the adhesion Timit.
Thus, this phenomenon affords a mechanism for detecting, within certain
tolerance levels, the approach to the adhesion limit.

Because the gear unit connection is not mounted in the middle of the
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axle, these oscillations are transmitted via the gear unit to the
reaction rod to the truck frame. In the ASEA system, these oscillations
are detected using a PRESSDUCTOQ§)f0rce transducer which is a magneto-
elastic transducer yielding an output signal which is a linear function of
the force acting on it. This unit waé developed and is manufactured by
ASEA.

The signals transmitted from the PrgSsductoéE%re filtered using a
tuned bandpass filter to allow those with the correct oscillation frequency
to be monitored. The amplitude of the filtered signal is monitored and a

slip is said to occur if some threshold value is exceeded.

4.2 SLIP CORRECTION

S1ip correction will occur once the tractive effort output by the
motor to the offending axle is below the amount which can be transmitted from
wheel to rail at the creep speed. This can be illustrated by referring to
Figure 4.1.

The tractive effort output to the rail at creep speed, Sg, is shown
on the adhesion/creep épeed curve labeled 1 in the figure. A loss of
adhesion results in a new adhesion/creep speed curve Tabeled 2. By the
time wheelslip is detected, the accelerating wheelset's creep speed has
reached SF. To arrest the acceleration of the whee]seti the tractive effort
must be reduced to the level shown on curve 2. However, reduction of tractive
effort (TA) is applied to keep the wheelset from accelerating. To correct
slip, the tractive effort must be reduced below the arresting level so that
the wheelset will begin deéé%erét%on« until finally it can reach the stable
region. in most slip correction systems, tractive effort is reduced to

‘zero and held there until the creep speed achieves its original value.
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Although this method causes maximum deceleration of the wheelset, it also
causes loss of tractive effort on the axle in question. This tends to
reduce the tfactive effort capability of the motive power.

Tractive effort on DC traction motors can be reduced by reducing the
armature current or changing the field current. Generally, slip correction
in DC series motors is accomplished by reducing both field and armature
current, while in. separately excited machines, field current is manipulated.
Newer methods of slip correcfion involve pulsing current through the
fields of a series DC motor in order to reduce the current momentarily to
zero.

If two or more series motors operate from the same control, it is
sometimes necessary to reduce traction output on all motors.to'COPFECt
s]ip.- This, as explained previéus]y, Timits the traction capability of the
'unit.

A second method of slip correction involves changing the amplitude of
the adhesion/creep speed curve so that adhesion may be reestablished once
slip is detected. Methods of accomplishing this task include sanding and
application of heat or chemicals to the rai]? Sand has little
effect at high speeds as a consequence of wind action and can become a
serious contaminant in ballast ahd equipment for passenger service.

However, it is effective at lower speed operation. The previous statement is

also true of chemicals which are applied frem moving locomotives. There is also
an environmental objection to this latter method. Plasma torches have been
tested in the past, however, results show that high power levels are required
for significant adhesion improvements.9

Chemicals are effective in removing oil-water films from the surface

of the rail if they are applied from the wayside to known places of
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consistently bad adhesion such as frogs, switch points and curves.
In considering high speed passenger service, s1lip correction will
be limited to tractive effort reduction in some form, although application

of sand (if used sparingly and correctly) may also be helpful.

4.3 REQUIREMENTS FOR SLIP DETECTION AND CORRECTION

From the two previous sections, it is clear that the basic objective of
slip detection and correction for high speed passenger service is to
provide the highest possible tractive effort under all conditions of
adhesion at all speeds with minimum wheel wear and lowest capital cost.
Although this objective will be approached as modern traction control
systems and wheel slip detection and correction systems are applied, ;here
will still be room for improvement.

The ideal slip detection and correction system would instantly ,.
compute the adhesion/creep speed curve on which it were operating, determine
the point of operation to achieve maximum tractive effort and set the
tractive effort 1imit to that point. Since this has not yet been achieved,
it is possible to state some requirements which s1ip detection and correction
systems should approach.

1.- Slip detection should be fast. Whether wheel speed differences,

wheel acceleratjon or "juddering” are used, the method should
detect a slip before the wheel creep speed exceeds the point of

maximum adhesion in most cases. -

2. Slip detection should be accurate. Any scheme should give
minimum false slip indication to the slip correction system.

3. Solid state traction control with some capability to reduce
tractive effort separately on each motor is preferred. Motors
should be operated in parallel.

4. Mechanical and electrical characteristics of the propulsion
drive should be such to encourage “s]ip-stick".

5. The slip correction and detection system should operate

rapidly to reduce wheel wear but slowly to maintain high tractive
effort. These conflicting objectives must be traded off.
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For high speed passenger service, to have all axles of a train
powered is generally preferred adhesion-wise over locomotive

hauled trains. This is a result of operating at much lower
adhesion levels thus requiring less operation of any slip detection
and correction system.
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5.0 MODERN SLIP DETECTION AND CORRECTION SYSTEMS

There are several versions of modern slip detection and correction
systems in operation on both diesel-electric and electric locomotives
qnd electric self-propelled cars. The principal features of the require-
ments which must be met'and how they are met can be pointed out by
discussing two particular systems, one manufactured and>deve10ped_by the
General Electric Co. and the other-by ASEA... Both‘companies use quite
different approaches for maintaining adhesion and both épproaches are
technically advanced. .

"Automatic" slip correction afforded by three phase AC drive
Tocomotives as manufactured by Brown Boveri Inc. is also discussed. In
this case, a certain feve] of high adhesion maintenance is already
built into the equipment and it would be a passive rather than active slip

control system.

5.1 SENTRY ADHESION SYSTEM (GENERAL ELECTRIC COMPANY)

A block diagram of an individual axle wheel slip control system for a
modern electric locomotive developed and manufactured by the General Electric
Co%0 "is shown in Figure 5.1.

Speed signals from all axles are fed into a speed difference detector
which produces outputs of wheel speed différences and rate threshold
detectors which differentiate the speed signals into acce]eratior;~ R
signals. Al1 slip corrections can be accomplished on an individual axle
basis. An oVerspeed 1ndicator is used in the uﬁ]ikely event of all
axles slipping without triggering the'fhrééﬁaid o%wwhééi speed d{%fefenéé

detectors.
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FIGURE 5.1 (Courtesy Hal Henderson - General Electric Co.)
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The automatic wheel diameter compensator automatically calibrates
the speed signal during coast operation to account for wheel diameter
differences and to improve creep speed measurement accuracy. The inductive
speed sensors operate via a special gear mounted on the motor shaft.
These motor mouﬁted sensors are six times more accurate than the axle
mounted alternator on earlier General Electric locomotives and
MU-cars.

This adhesion system has been teéted satisfactorily at levels
from 23-26% adhesion undef adverse conditions of wet rail, severe grades
and reverse curves. The principal improvements over present day systems
are attributed to:

- More accurate speed signals,

- Automatic wheel diameter compensation and,

- Individual axle control.

5.2 CREEP CONTROL SYSTEM (ASEA)

As mentioned previously, the ASEA wheel slip detection aﬁd correction
system depends on individual axle slip detection which utilizes a new method
of detection by observing the amplitude of the torsional vibrations in
the wheelset at its characteristic natural frequency. This is further

backed-up by wheel overspeed detection.

A block diagram of the creep control system for the Rcéd 1ocomot1've11

is shown in Figure 5.2. This locomotive, which was tested on

U.S. track as the prototype for the AEM7 now being manufactured by EMD
has~a propulsion system which is phase control with separate]y-excited

DC motors. The circuit diagram is shown in Figure 5.3. There are separate

propulsion controls : from each truck.
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Block diagram of the control equipment in 2 Rcd locomotive.

Current reference 1
Speed reference 12
Speed regulator 13

Selector for maximum speed feed- 14
back ’

Transmission link 15
Current limiting unit 16
Selector for maximum armature

current 17
Armature current regulator 18
Load sharing control 19

Trigger pulse unit for bridges.1
and 2

Field current regulator

Selector for maximum field current
Load sharing limitation
Temperature control of convertor
- cooling oif

Armature voltage regulator
PRESSDUCTOR transducer in
reaction rod

Filter

Individual creep regulator

Total tractive effort regulator for
two motors

20
21

22

ocon

Selector unit

Creep protection containing dy-
namic slip protection, overspeed-
ing protection and load sharing
blocking

Motor module 1~

Motor module 2

Reduced ventilation
Catenary voltage
Field weakening

FIGURE 5.2 { REFERENCE 11)
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Simplitied diagram of the main c¢ircuits in a class Rc4 locomotive.
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Motor isolator (disconnector)
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12 Earthing transformer
13 Earthing brushes
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5.3 (REFERENCE 11)
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With reference to the block diagram, torsional oscillation amplitude
signals produced in the wheel/axle set are detected in the PressductorGa
transducer (16) which is in the reaction rod. These signals are filtered
and rectified (17) so that only the amplitude of the oscillations at the
natural torsional oscillation frequency of the wheel/axle set at 45 Hz are
passed. to the individual axle creep regulators (18). The regulators are
activated when the amplitude exceeds a preset value. A selector unit (20)
is used to select which mode of correction is to be applied and this depends
on whether the motor is in full or weak field cgndition.

- If the motor is in weak field, the field strength is increased

~which causes a rapid drop in armature current and torque, which
tends to correct the creep. - -

- If the motor is in full field, the field on the other traction
motor on the same truck is weakened. This causes the armature -
current in that motor to rise and as a result the armature
current controller (8) attempts to lower the current on both
motors tending to correct the creep on the offending motor.

*A description of this device appears in Reference 12,

The individual axle creep control also has a stronger slip correction

capability in the event both axles on the truck are slipping and as a
backup unit. This unit (19) receives the maximum of the two creep signals

and sets the current limit.

Overspeed protection is also provided as a backup to the creep control

system.

It is ASEA's claim that, "Measurementé have demonstrated that the

system leads to considerably higher average tractive effbrts"11 . In

another artic1e7,

"Adhesion tests in Norway have demonstrated that a
class Rc2 thyristor locomotive can, in all types of weather, dispatch
a train based on 27% adhesion. When the creep control system is in use,

this figure can be increased to almost 30 percent".
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5.3 SLIP CONTROL AND THE THREE PHASE AC DRIVE
One advantage usually quoted for three phase AC drives is the
ability fo.use available adhesion because of the naturally steep
torque/speed curve characteristic of the asynchronous motor running at
fixed frequency. The tractive effort developed by an axle driven by
an asynchronous motor controlled by an inverter at a given frequency is
proportional to the motor slip speed which is the difference between the
electrical and mechanical speeds of the motor. (The electrical speed
in RPM is 2 7 x applied frequency). As the adhesion 1imit is reached, the
wheel creep speed increaée'natura11y increases the motor mechanical speed.
Since this reduces the motor slip speed; and consequently the torque; the
wheel slip condition is corrected autbmatica]]y. As a consequence, the
applied tractive effort remains close to the transmittable tractive effort.
When several asynchronous motor driven axles are operated in parallel
from the same inverter, the wheels cannot individually slip because‘of the
strong electrical coupling. This ﬁase is similar to the case of mechanical
coupling between wheels. This will not give as high tractive effort as if
they were individually controTled. )
Provisions must be made to correct slip whén all wheels driven from
the same inverter are slipping. However, the speed of these wheels, even
under poor rail circumstances is always limited to the electrical speed of

the motor. Thus by limiting frequency, overspeed detection is not required.

5.4 COMPARISON OF SLIP DETECTION AND CORRECTION SYSTEMS

It is improper to compare a slip detection and correction system on its '
own merits. As was discussed in the previous sections, slip detection can
be accomplished in several different ways while slip correction depends on

the overall propulsion system.
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The problem with such comparisons, even under experimental conditions,
is that adhesion, which in some measure s an indicator of how well the
slip control system works, depends on many more variables which are
uncontrolled among the traction vehicles on which the adhesion is being
measured. That the adhesion coefficient is a stoicastic variable means that
many tests must be made under the same conditions before any conclusions
are drawn. Even in this case, the slip detection and correction system
must be mounted on vehicles with identical mechanical characteristics,
run on the same stretch of track and.under the same rail surface conditions.

Whether a passsive system, which is obtained for free using an AC drive,
is better than an active system used on modern 1ocomot1ves with DC mofors, |
is still open to question. AC drives which operate near the adhesion Timit
are subject to "juddering" which plays haVoc with equipment and raises
maintenance cost.

The slip detection and correction system is part of the locomotive.
Thus, in the end, it is the locomotives which are being compared. Light-
weight Tocomotives which can produce large tractive efforts under all
rail conditions are generally preferred to heavy ones which produce the

same tractive effort if the costs are relatively the same.
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1. SUMMARY

The new electrification system for the NEC will distri-
bute the single phase railroad loads across the three phase
commercial power generatlon systems of the utility companies
between Boston and Washington, introducing the need for phase
breaks which is not a feature of the older single phase electri-
fication from New York to Washlngton The phase breaks w1ll
occur at approx1mately 5 to 7 mile intervals and will requlre the -
ability of all vehicles to turn-off all propulsion and auxiliary
loads before traversing each phase break and then turn on all
loads following the phase break.

Although existing European systems have phase breaks,
the new system for the NEC represents a far more severe duty
cycle requirement for the on-board switching functions due to the
increased frequency of the phase breaks (about six times as
many). Relatively short feed distances are necessitated by the
NEC electrification to avoid losses while handling the high power
levels required to accelerate heavy trains at the high rates
called for by NEC schedules. This will result in approximately -
40 phase breaks between Boston and Washington.

During construction of the new electrification, it will
be necessary for all vehicles to have transformer characteristics
‘and primary connections to permit operation on both frequencies
and voltages. With the New York to New Haven segment of the NEC
presently being converted to 12.5 kV, 60 Hz, this will involve
three combinations of frequency and Voltage requiring one trans-
former connection for 11 kV, 25 Hz or 12.5 kV, 60 Hz, and a
second connection for 25 kV, 60 Hz.

Catenary voltage detection and protectlve control will
be required to permit connectlng the transformer for the proper
voltage range and prevent application of excessive voltage to the
transformer when connected for the lower voltage range.

The basis for the decision to employ on-board primary
breakers in the NEC 1ncludes two considerations other than fault
protection. The first is that the alternative approach of inter-
rupting the aux1llary load with the pantograph -while pa551ng from
the contact wire acrcss an insulator would draw an arc causing
severe pitting of the end of the wire and arc-tracking of the
insulator. This would result in higher maintenance of the catenary
elements. Failure to remove propulsion power would greatly
aggrevate the situation. The second concern is that voltage
changes will occur on various routes on which the trains may
operate (even after corridor conversion is complete) requlrlng
that vehicles be able to change transformer primary connections
"on the fly". On-board catenary voltage measurement and assurance
of correct connectlon is considered mandatory prior to energizing
the transformer in order to avoid damaging errors. This necessi-
tates disconnecting the transformer from the pantograph circuit
until catenary voltage has been measured.
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Both manual and automatic negotiation of voltage changes
and phase breaks have been considered and the decision to use an
automatic system is based on several factors 1nclud1ng the frequent
occurrence of breaks every 5 to 7 miles corresponding to average
intervals of 4 minutes at maximum NEC speeds. This is felt to be
an undersirable distraction for a human operator which would
invite error.

Because of the relatively limited application of rail-
. road electrification, the development of hardware for high voltage
railroad equipment must rely heavily on adapting the developments
made for utility power transmission. Adaptation of commercially
available devices also offers an advantage of lower cost of
devices produced for the highly competitive power equipment
market. The design parameters which are most restrictive in
adapting commercial apparatus are the vibration level associated
with train movement and the severe space limitations 1mposed by
vehicles - particularly m.u. cars. Dirt, snow, and vandalism
also present much more severe conditions on a vehicle than with a
fixed installation.

: The general approach taken in Europe and specified for
the NEC is to provide each vehicle with a primary circuit breaker
to deenergize the transformer and auxiliary systems. This breaker-
is - also used for onboard fault protection and represents another
change from ex1st1ng NEC practice in which substation breaker
operation is relied on entirely. Two different types of circuit
breaker have emerged for this appllcatlon, the alrblast breaker
and the vacuum interrupter.

The change from railroad use of single phase power
sources to connection with the commercial three phase power
systems began at an earlier time in Europe. Because the airblast
breaker was the most advanced compact commercially available
design at that time, it was selected for onboard application.
Packaging of these devices has been altered for railroad appli-
cation to form roof-hatch assemblies with control components

extending into the carbody.

Since that time the vacuum 1nterrupter has been developed
for commercial sw1tchgear and has received railroad application
in Japan, South Africa,; and the U.S.

Because of the frequent phase breaks, the primary
circuit breaker will be subjected to the relatively severe duty
cycle of approx1mately 3000 operatlng cycles per month and as a
result, will require a scheduled maintenance program. A compar-
ison of actual service experience on the NEC will probably be
required to determine the relative merit of the two generic types
of breakers.
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2. INTRODUCTION

NEC Electrification Conversion

The program for replacing the present single phase
11 kv, 25 Hz electrification system in the NEC with a 25 kv,
60 Hz system operating directly on the commercial three phase
60 Hz network involves significant changes in the manner of power
distribution and the addition of vehicle-borne equipment not
presently required. The distribution of the single phase loads
across the three phase commercial network may place adjacent
catenary substations on different phases and require that vehicles
be able to turn off electrical loads before crossing insulated
breaks in the catenary. This function will require the addition
of high voltage switch gear and control equipment. In some
locations a voltage change will also be involved and will require
the additional on-board function of transformer primary tap
changing "on the fly".

The objective of this paper is to discuss the high
voltage switch gear and protective components which must be added
or replaced in the course of the re-electrification progran.

Four spec1f1c elements of high voltage equlpment will be covered
in addition to the general subjects of insulation and mounting of
equipment. These four elements are: (1) lightning arresters,
(2) circuit breakers, (3) high voltage potential and current
measurement devices, and (4) bus connections. Several of the
~high speed train systems reviewed in the IPEEP Program have
voltage bus couplers and primary switch gear which may suit the
requirements of the NEC. The upgraded Metroliners are equipped
with high voltage circuit breakers and tap changers for dual
voltage operation and the new Amtrak AEM7 locomotives will be
similarly equipped. While the parameters for the electrification
have been developed, the design of controls for the voltage
change/phase break negotiation system has not been fully deter-
mined at this point. .

Before proceeding with the details of high voltage com-
ponents it would be beneficial to review the history of the
present and proposed electrification systems and the basic principles
involved in negotiation of voltage changes and -phase breaks.

History

The previous selection of 25 Hz instead of the national
standard generation frequency of 60 Hz may seem illogical, however
when the history of railroad electrification is reviewed, the
decision appears quite reasonable.

A frequency- of 25 Hz was used in the early 1900's for
long distance transmission because of lower transmission losses
than with 60 Hz. It was employed in the eastern power distri-
bution from the Niagara Falls hydroelectric plant, which at the
time was one of the principal sources of power.



While 25 Hz was a common transmission frequency the
principle reason for selecting the lower frequency for railroad
use was that series type traction motors commutate poorly on
a.c. = the difficulty being directly related to the frequency.
Commutation at 25 Hz is much better than at 60 Hz. With an a.c.
transmission system, the alternatives to series a.c. traction
motors were d.c. motors with on-board conversion equipment, or
a.c. induction motors. Within the technology limitations of the
time, there was no practical method of producing the variable
frequency supply required for speed regulation of induction
motors thus making this arrangement unsuitable for most railroad
appllcatlons Prior to the development of suitable mecury vapor
rectifiers, the use of d.c. traction motors required an a.c.
motor driven generator set.

The alternative to a.c. transmission was direct current
electrification using either a 600 V third rail system, as employed
within New York's Penn Station, or 2.4 to 3 kV overhead systems
as applied on the Butte Anaconda and Pacific in 1913 and the
Milwaukee Road in the early 1900's. These were rejected by the
Pennsylvania Railroad as being impractical from the standpoint of
transmission and substation costs for the distances involved.
Higher d.c. voltages (greater than 3 kV) required to provide
transmission efficiencies comparable with a.c. transmission could
not be handled within the technology limitations of the period.
(Recent power technologlcal developments may make high voltage
d.c. transmission feasible in the near future.)

Weighing the available options, the Pennsylvania Railroad
selected a straight a.c. system with series a.c. motors and the
relatively low frequency of 25 Hz for its Philadelphia suburban
electrifications, beginning in 1915, and for the intercity exten-
-sions which linked the eastern cities by 1935. While experimental
work with mercury arc rectifiers was conducted prior to World war
I on a New Haven Railroad m.u. car, the type of mercury arc
rectifier available proved to be unsuitable. With Westinghouse's
successful application of the sealed ignitron mercury arc rectifier
to a Pennsylvania Railroad m.u. car in 1949 and to a locomotive
in 1951 (class E2c and E3b locomotives), the requlrement for low
frequency power changed. More recent developments with solid
state power switching make it possible to take-single phase a.c.
at any transmission frequency and convert it as required to drive
v1rtually any type of a.c. or d.c. traction motor, obviating the
earlier constraints on catenary power. :

The new design for the NEC electrification therefore
uses conventional 60 Hz power obtainable from the East Coast's
commercial power grld Approximately doubling the voltage to
25 kV from the original 11 kV level will reduce current by a
factor of one half permitting the greater power capacity requlred
for high performance and increased train density.

3~



The new electrification system also involves a signifi-
cant change in the manner of power distribution which may require
the addition of on-board primary switch gear and affect the
philosophy of fault interruption. These changes are perhaps more
significant than the changes in voltage and frequency.

Original Electrification

The original 25 Hz system from New York to Washington
and Harrisburg is supplied at six locations (originally seven)
from generators and frequency converters. One of these six
supplies handles the New York area directly while the other five
feed a complete single phase, 25 Hz, 132 kV distribution system
which parallels the railroad. From this transmission line, local
substations feed the catenary at 11 kVv. In addition to local
distribution of 25 Hz power to the substations, the transmission
line permits the transfer of power to relieve the load on any
generating station. Control is exercized from a central load
dispatcher in Phlladelphla who coordinates the operatlons of the
power dispatchers in New York, Phlladelphla, Baltimore, and
Harrisburg, and the four utlllty companies involved. Power can
be purchased at the most economical rates in large blocks from
the four power companies with the load distributed to minimize or
avoid peak demand power rates. The original electrification
system is schematlcally represented in Figure 2-1. A tabulation
of the four utility companies and the feed points to the 25 Hz,
132 kv distribution system is given in Table 2-1.

The catenary is sectionalized for fault isolation with
each section extending between two substations. Power is then
supplied to each section from the substations at both ends forming
a "double-end" feed arrangement. The 25 Hz single phase distribution
system therefore permits continuous operation of trains w1thout
interruption in the prlmary power supply.

New Electrlflcatlon

In contrast, the new 60 Hz system will be distributed
across the entire three-phase grid of many utlllty companies
without benefit of the private transmission line prev1ously
employed for load equalization. The eastern utility power grid
will serve this function instead, with power being purchased
locally by the railroad at each substatlon Power costs will be
governed by the peak demand load at each substation. Because the
power delivered to each substation will be small relative to the
large quantity presently purchased at the frequency converters of
the 25 Hz system, the railroad will no longer continue to receive
the benefit of bulk power purchases. The catenary will be electric-
ally sectionalized and adjacent sections may be connected to
different phases of the grid to assure proper load balance,
necessitating phase breaks between sections.
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